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Referat:
The diﬀusion behavior of guest molecules introduced in porous materials has been
studied. Diﬀusion studies in such porous materials may help for elucidating the struc-
tural properties, transport mechanism and/or surface barriers of the zeolite structure.
The focus of this work is on diﬀusion in nanoporous materials with complex pore spaces.
First a short introduction in the basics of diﬀusion and the PFG NMR technique
(Pulsed Field Gradient Nuclear Magnetic Resonance) is described.
In the following two chapters the diﬀusion in hierarchical pore spaces or, to be
more precise, zeolites with generated mesopores, which traverse the microporous bulk
phase, are investigated. The hierarchical pore spaces consists in the ﬁrst case of micro-
and mesopores and in the second case of micro-, meso- and macropores. The diﬀusion
behavior in these materials has been investigated revealing diﬀusion acceleration in the
mesoporous samples, as compared to the purely microporous material.
In the next chapter the diﬀusion behavior in glass samples with diﬀerent porosity
and their complementary pore space is investigated. Diﬀusion with full loaded pore
spaces and surface diﬀusion, where the molecules were only able to diﬀuse along the
pore walls, has been explored. The aim was to ﬁnd out to what extent the diﬀusion in
two complementary pore spaces is correlated.
In the last chapter, the eﬀect of an inorganic binder on the transport in zeolite
pellets has been studied. First the diﬀusion behavior in binderless zeolite beads in
comparison with the zeolite powder employed for their production has been explored.
The particular interest was to ﬁnd out up to which extent the diﬀusion patterns observed
with the powder samples could again be recognized in the beads. In a second study
the transport characteristics within binderless molecular sieves have been investigated,
with the purpose to reveal diﬀerences in the diﬀusion behavior in comparison with their
binder-containing counterparts.
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Chapter 1
Preface
Diﬀusion is an omnipresent phenomenon in nature and can be observed in all states of
matter on diﬀerent time scales for many physical, chemical, and biochemical processes.
In this work, the diﬀusion behavior of guest molecules introduced in porous materials has
been studied. By varying chemistry of the pore surface in these materials, wide range of
applications can be realized, such as mass conversion by shape-selective catalysis, mass
separation by molecular sieving and selective adsorption. Diﬀusion studies in porous
materials may help for elucidating the structural properties, transport mechanism, such
as transport resistances in the interior of the individual crystallite (i.e., in general,
the diﬀusion resistance of the genuine pore network), and/or surface barriers of the
zeolite structure. The focus of this work is on diﬀusion in nanoporous materials with
complex pore spaces including micro-, meso- and macropores. The measurements have
been performed by the PFG NMR technique (Pulsed Field Gradient Nuclear Magnetic
Resonance), which enables a nondestructive exploration of the porous materials. This
technique, as well as the basics of diﬀusion, are explained in the ﬁrst chapter of this
work.
In the subsequent chapter, the diﬀusion study of selected zeolites is presented. For
certain reactions in the zeolites, an intimate contact between the guest molecules and
the host surfaces is necessary. This closeness causes in general a reduced guest diﬀusivity
and leads to limitations in their performance. Therefore, a hierarchical pore space or,
to be more precise, zeolites with generated mesopores, which traverse the microporous
bulk phase, were manufactured. The diﬀusion behavior in such materials has been
investigated revealing diﬀusion acceleration in the mesoporous samples, as compared to
the purely microporous material. The experiments have been performed by varying the
temperatures and using guest molecules with diﬀerent sizes.
In the following chapter, the diﬀusion in low-silica Faujasite X-type zeolites with
generated intracrystalline mesoporosity has been investigated, compared with the diﬀu-
sion behavior of their purely microporous counterparts. As already seen in the previous
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chapter the reduced guest diﬀusivity in nanoporous materials can be overcome by the
fabrication of materials with hierarchical pore spaces. The fabricated mesoporous X
zeolites show the formation of zeolitic nanosheets, which is in contrast with the other
produced mesoporous low-silica zeolites, like LTA (Linde Type A) and SOD (Sodalith
Type), where a compact crystal formation is observed. The thus grown house-of-cards-
like nanosheet assemblies with intracrystalline mesoporosity generate a pore system of
micro-, meso- and macropores, which are hierarchically interconnected to each other.
This is diﬀerent to the other low-silica zeolites (LTA, SOD), where the hierarchical zeo-
lites involve either micro/meso or a micro/macro, but not an interconnection of all three
spaces. Also here, as already seen in the previous chapter, diﬀusion acceleration in the
mesoporous samples, compared to the purely microporous material, could be revealed.
In the next chapter the diﬀusion behavior in glass samples with diﬀerent porosity
and their negative carbon counter parts have been investigated by using diﬀerent probe
molecules at diﬀerent loadings. The intention for the experiments with fully loaded pore
space was to ﬁnd out to what extent the diﬀusion in two complementary pore spaces
is correlated. Besides the measurements of diﬀusion in the pores, surface diﬀusion has
also been probed. In the latter case, the molecules were only able to diﬀuse along the
pore walls.
In the last chapter of this work, the eﬀect of an inorganic (e.g., mineral) binder on
the transport in zeolite pellets has been studied. In a ﬁrst study the diﬀusion behavior
in binderless NaMSX (sodium medium silicon zeolite X) beads in comparison with the
zeolite powder employed for their production, by using diﬀerent guest molecules, has
been explored. The particular interest in this work was to ﬁnd out up to which extent
the diﬀusion patterns observed with the powder samples could again be recognized in
the beads and which new features of mass transfer did emerge. In a second study the
transport characteristics of water molecules within binderless molecular sieves of zeolite
type NaMSX and 4A have been investigated, with the purpose to reveal diﬀerences in
the diﬀusion behavior of the micro- and macropores in comparison with their binder-
containing counterparts.
2
Chapter 2
Theory
2.1 Principle of Diﬀusion
Diﬀusion is a fundamental process in nature and can be deﬁned as a random, thermal
motion of atoms and molecules in gas, liquid or solids. The diﬀusion constant D reﬂects
thereby the mobility of the diﬀusing species in the given environment. Two basic modes,
transport- and self-diﬀusion, are distinguished.
2.1.1 Transport diﬀusion
Fick's 1st law
Transport diﬀusion is observed under non-equilibrium conditions and appears, for ex-
ample, when the concentration of particles c0 on the left side of a sample (ﬁg. 2.1) is
chosen to be larger, than the concentration of particles cl on the right side. The pro-
cess which will take place then, can be explained by deﬁning a plane, with an area A,
perpendicular to the x-direction in the sample. As a consequence of the concentration
diﬀerence (c0 > cl), more particles will pass that plane, from left (x0) to right (xl),
compared to the opposite way. This process leads to a ﬂux jx from left to right.
flux (j )
x
A
c
0
c
l
x
0
x
l
x
0
Figure 2.1: Schematic picture of a sample with a concentration gradient c0 > cl, result-
ing in a ﬂux jx, from left to right, through the area A.
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flux
A
c(x )
1 x x+Δx
c(x)
j (x+Δx,t)
x
j (x,t)
x
A
V=Δx·A
Figure 2.2: Schematic picture of the local change of concentration in a volume element
V for diﬀusion in x-direction. The ﬂux of particles leaving and entering the volume V
is equal to the change of particles in the volume V during the time 4t.
The resulting ﬂux follows the general tendency of equilibration, a compensation of
concentration, in nature. It will be the higher the larger the area A and the concentra-
tion gradient is. This leads to Fick's 1st law [1]
jx = −D ∂c
∂x
(2.1)
where jx denotes the ﬂux density of particles in x-direction. The partial derivative
∂c/∂x represents the slope of the concentration gradient and is deﬁned as the change of
concentration with distance (cl−c0)/(xl−x0) [2]. The minus in eq. 2.1 indicates that the
particle ﬂux is directed towards decreasing concentration. The factor of proportionality
D [m2s−1], reﬂects the mobility of the diﬀusing species in the given environment.
Fick's 2st law
For describing, a change of concentration over a time t at a particular location, we have
to consider the change of particle number in a volume (ﬁg. 2.2). For simplifying the
calculations, we assume the ﬂux just in x-direction. The number of molecules entering
the volume V through the area A during the time 4t at position x, can be described, as
jx(x, t) ·4t ·A. In the same way the number of particles, which are leaving the volume,
can be described as jx(x + 4x, t) · 4t · A. The change of particles in the volume V
during the time 4t is then just the diﬀerence between these values and can be written
as:
∂c
∂t
=
1
V
∂N
∂t
≈ 1
V
4N
4t =
1
A4 x
(jx(x, t)− jx(x+4x, t))A4 t
4t
=
(jx(x, t)− jx(x+4x, t))
4x ≈ −
∂jx
∂x
(2.2)
Inserting eq. 2.1 into the right side of eq. 2.2 yields
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∂c
∂t
= D
∂2c
∂x2
(2.3)
where it is supposed that the diﬀusion coeﬃcient D is constant over the whole sys-
tem. Equation 2.3 represent Fick's 2st law and indicates that the change of particle
concentration with time is proportional to the gradient of the concentration [1, 2].
2.1.2 Self-diﬀusion
flux
A
c(x )
1
j (    )
x
j (    )
x
Figure 2.3: Sample in equilibrium, where the molecules are uniformly distributed. Self-
diﬀusion can be observed, by labeling the particles with diﬀerent colors (black, red).
Self-diﬀusion is a random motion of molecules caused by thermal energy in absence
of a macroscopic gradient. In state of equilibrium molecules are uniformly distributed
and the irregular particle movement cannot lead to any net ﬂux. But, if we are able
to make them distinguishable by labeling the particles, for example with two diﬀerent
colors (ﬁg. 2.3), a macroscopically observable eﬀect may result. For the diﬀusive ﬂux
of labeled molecules we have in analogy to eq. 2.1 [1]
j∗x = −D
∂c∗
∂x
(2.4)
where the asterisk (∗) deﬁnes just one sort of the labeled spheres. Fick's 2st law, for
labeled molecules, can be handled in the same way and yields the following equation.
∂c∗
∂t
= D
∂2c∗
∂x2
(2.5)
As a solution of eq. 2.5 for the initial conditions c∗(x, t = 0) = δ(x) one obtains
c∗(x, t) = P (x, t) =
1√
4piDt
exp(
−x2
4Dt
) (2.6)
where P (x, t) describes the probability density to ﬁnd a diﬀusing particle, which started
at time t = 0 at x = 0. The mean square displacement can be calculated by integration
over all possible displacements multiplied with the respective probability:
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 t
0
 t
1
 t
2
 t
3
x=0
x=0
 t
0
 t
1
 t
2
 t
3
x=0Figure 2.4: Schematic picture of the Gaussian-shaped propagator P (x, t), which shows
the particle displacement at diﬀerent times t.
< x2(t) >=
∫ ∞
−∞
x2P (x, t)dx (2.7)
For diﬀusion in an homogeneous, inﬁnitely extended 1-dimensional space, inserting eq.
2.6 into eq. 2.7 yields the Einstein relation [3],
< x2(t) >= 2Dt (2.8)
and in the case of an inﬁnitely extended 3-dimensional space, eq. 2.7 gives:
< r2(t) >= 6Dt (2.9)
2.2 NMR Spectroscopy
NMR spectroscopy provides the possibility for measuring diﬀusion and self-diﬀusion.
Both types of measurements are based on the same basic principles. In that chapter
the basics of NMR will be explained.
2.2.1 Spin
Hydrogen (1H), which consists of a proton and of an electron, is one of the most used
nucleus in NMR spectroscopy. Like the electron, the proton possess a spin, which
is characterized by the nuclear spin quantum number I. The nuclear spin quantum
number for atoms can have the following values:
• Half-integer (I = 1/2) for uneven isotope number (1H).
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• Integer (I = 1) for even isotope number and uneven proton amount (21H).
• Zero for even isotope number and even proton amount (126 C).
The absolute value of the angular momentum L is deﬁned as:
| L |= h¯
√
I(I + 1) (2.10)
with h¯ = h/2pi and h known as the Planck constant.
2.2.2 Magnetic moment
Particles, which carry an electrical charge and a spin, generate, through the rotation
of the particle, a magnetic moment µ. Each particle, with a magnetic moment, acts
therefore as a small elementary magnet. The magnetic moment µ is deﬁned through
the mechanical moment L as
µ = γL = γh¯
√
I(I + 1) (2.11)
where γ is known as the gyromagnetic ratio, which is a characteristic quantity of the
particular nucleus (for protons γ ≈ 2.67519 · 108 T−1 s−1). It describes how strong the
nucleus interacts with an external magnetic ﬁeld. The magnetic moment disappears in
the case of I = 0 and the nucleus doesn't interact therefore with an external magnetic
ﬁeld.
2.2.3 The magnetic moment in an external magnetic ﬁeld
Without an external magnetic ﬁeld, the magnetic moments of atoms are orientated
randomly in space (ﬁg. 2.5 a). By adding a magnetic ﬁeld a mechanical torque C
appears, which acts on the elementary nuclear magnets. It is given by the vector
product [4]:
C = µ×B0 (2.12)
which orientate the magnetic moments of the atoms in the direction of the applied
magnetic ﬁeld (ﬁg. 2.5 b). The torque C acts thereby perpendicular to the direction
of the magnetic moments and the magnetic ﬁeld. The magnitude of the torque can be
written as:
|C| = µB0 sinα (2.13)
where α denotes the angle between µ and B0. By integration over the given torque C,
the potential energy of the magnetic dipole in the magnetic ﬁeld is given as:
7
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Mz
B  
0
Σµ=0
i
Σµ=
i
M
0
a) b)
M  
0
Figure 2.5: Schematic picture showing the individual magnetic moments in absence of
an external magnetic ﬁeld (a), with randomly orientated individual magnetic moments,
and in presence of an external magnetic ﬁeld (b), with orientation in direction of the
applied magnetic ﬁeld. The sum of all magnetic moment is, in the case of absence of
external magnetic ﬁeld, zero, while in the opposite case a longitudinal magnetization
M0 is developed through the vector sum of the individual magnetic moments µi.
ΔE=γћB  
0
E=γћB /2
0
 
 
E=-γћB /2
0
 
 B ≠0
0
B =0
0
Figure 2.6: Schematic picture of the Zeeman eﬀect for the nuclear spin quantum number
I = 1/2. In presence of a static magnetic ﬁeld (B0 6= 0) the energy level split up into
two energy levels. The energy diﬀerence between these two states is 4E and increases
linearly with the magnetic ﬁeld strength.
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E(α) =
∫ α
α0
C(α′)dα′ = −µB0(cosα− cosα0) (2.14)
α0 denotes here the angle corresponding to zero potential energy. Considering α0 to be
pi/2 eq. 2.14 reduces to
E(α) = −µB0(cosα) = −µ ·B0 (2.15)
Choosing the z-axes of the coordination system in direction of the magnetic ﬁeld and
inserting eq. 2.11 into eq. 2.15, yields:
Em = −µzB0 = −γLzB0 = −γIzh¯B0 = −γmh¯B0 (2.16)
with Iz denoting the eigenvalues of the z component of the spin vector. It is deﬁned by
the values:
Iz = m = −I,−I + 1, ..., I − 1, I (2.17)
This means, generally, that the orientation of the nuclear spins just assume certain
deﬁnite values. In case of I = 1/2, for the nuclei 1H, there are only two possible
orientations for the nuclear spins. The diﬀerence between these two energy levels can
be written as:
|Em±1 − Em| = 4E = |γh¯B0| (2.18)
and shows, generally, that in presence of an external magnetic ﬁeld the spins will be
orientated parallel (stable position), in direction, or antiparallel (unstable position), in
opposite direction of the magnetic ﬁeld (ﬁg. 2.6). Spins in the lower energy level can be
excited and thus change their energy level to the higher one. This is done by irradiation
with the energy 4E = hν corresponding to the energy gap. Inserting eq. 2.18 into
4E, yields:
4E = hν = h ω
2pi
= h¯ω = |γh¯B0|
ω = |γB0| (2.19)
where ω denotes the precession frequency of the magnetic moment about the external
magnetic ﬁeld. It is also known as Larmor frequency. Thus, by knowing the mag-
netic ﬁeld B0 and the gyromagnetic ratio γ, the resonance frequency of the radio pulse
excitation is known.
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Occupation of the energy levels
Because of the Boltzmann law, the diﬀerent energy levels are not equal occupied (ﬁg.
2.6). The occupation probability in the case of I = 1/2 can be written as
N−
N+
= exp(−4E
kBT
) = exp(−µB0
kBT
) (2.20)
where N+ denotes the number of spins in the direction and N− in the opposite direction
of the external magnetic ﬁeld. At room temperature and a magnetic ﬁeld of 10 T this
ratio is about 10−7. Thus, the net number of spins orientated in direction of the
magnetic ﬁeld is extremely small, but still enough for giving rise to the NMR signal.
Magnetization
In NMR, where macroscopic samples are studied, it is useful to introduce a macroscopic
quantity, the so called magnetization
M =
N∑
i
µi
V
(2.21)
deﬁned as the vector sum of all magnetic moments per unit volume V (ﬁg. 2.5). The
probability of a magnetic dipole, having the orientation α relative to the direction of
the magnetic ﬁeld, is given by the Boltzmann factor.
P (α) ≈ exp(−µB0 cosα
kBT
) ≈ 1− µB0 cosα
kBT
(2.22)
By integration over all possible orientations
M
N
=
∫ 1
−1(1− µB0 cosαkBT ) µ cosα d(cosα)∫ 1
−1(1− µB0 cosαkBT ) d(cosα)
(2.23)
and by using that the interaction energy (µB cosα) is small compared to the thermal
energy (kBT ), the magnetization can be written as:
M ≈ 1
3
NB
kBT
µ2 (2.24)
where N denotes the number of spins per unit volume [4].
2.2.4 Bloch equation
Felix Bloch [5] described the behavior of magnetization M with the components Mx,
My, Mz by a system of diﬀerential equations, the so called Bloch equations:
d
dt
M(t) = −γ(M ×B0)− (Mz −M0)
T1
ez − Mx
T2
ex − My
T2
ey (2.25)
10
2.2. NMR Spectroscopy
Equation of motion for the macroscopic magnetization
The equation for Larmor precession of the nuclear magnetization M in an external
magnetic ﬁeld B0 is deduced from the torque. The torque, which acts on the magnetic
dipole, is by deﬁnition the time derivative of the angular momentum.
C =
dL
dt
=
1
γ
dµ
dt
(2.26)
Inserting eq. 2.12 into eq. 2.26 yields
dµ
dt
= γµ×B0 (2.27)
Integration over all magnetic dipole moments µ, gives the observable magnetization M
and eq. 2.27 can be written as,
d
dt
M(t) = −γ(M ×B0) (2.28)
Relaxation process
If a system, which is in the equilibrium state, is subject to a temporary disturbance or
excitation, it will relax back the thermal equilibrium, as soon as this disturbance (excita-
tion) is switched oﬀ. That transition of a system from an excited state to the equilibrium
state is called relaxation. In the case of NMR, the equilibrium state corresponds to the
distribution of the spins on the two energy levels according to the Boltzmann statistics.
An excitation can be caused by, e.g., a radiation with a radio-frequency (RF) pulse.
Longitudinal relaxation time T1
After a radio-frequency pulse (pi/2 or pi) of an appropriate duration, a relaxation process
back to the equilibrium state is observed. It may be described as
d
dt
Mz(t) =
Mz −M0
T1
(2.29)
where T1 denotes the time, which the macroscopic magnetization needs to return back
into the equilibrium state, M0 is the value of magnetization in equilibrium and Mz the
magnetization in z-direction on a certain time after the disturbance. The relaxation time
T1 can be, thereby, determined by the inversion recovery pulse sequence (see section
2.4.4).
Transverse relaxation time T2
Right after a pi/2 pulse, all individual spins are brought into a phase-coherent state.
Because of the time-dependent, ﬂuctuations in the spin environments due to chaotic
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motion of other spins, the phase coherence and therefore the magnetization Mx,y will
be lost irreversibly. This process of spin-spin relaxation is described by:
d
dt
Mx,y(t) = −Mx
T2
ex − My
T2
ey (2.30)
where T2 denotes the decay constant of the magnetization Mx,y. The transverse relax-
ation time can be determined by the FID/CPMG pulse sequence (see section 2.4.1/2.4.3).
Diﬀusion
Under the inﬂuence of molecular self-diﬀusion, the Bloch equations have to be modiﬁed.
For that reason, a diﬀusion term representing the magnetization transport is added. The
so called Bloch-Torrey equation then reads [57]
d
dt
M(r, t) = − γ(M ×B0)︸ ︷︷ ︸
precession
−

Mx
T2
My
T2
Mz−M0
T1

︸ ︷︷ ︸
relaxation
+D52M︸ ︷︷ ︸
diﬀusion
(2.31)
and gives information about the behavior of the signal amplitude under the eﬀect of a
magnetic ﬁeld gradient (see section 2.5.1).
2.3 Measurement principle
For PFG NMR measurements, the spectrometers FEGRIS (Feld-Gradienten-Impuls-
Spektrometer) 400 NT/FT (both spectrometers are generally identically constructed),
which operate at a proton resonance frequency of 125/400 MHz have been used. The
statical magnetic ﬁeld (B0), is thereby generated by a superconducting magnet (ﬁg. 2.7
red). The high frequency (RF) pulses, which are necessary for the excitation of the
spins, are generated by a frequency synthesizer, which is connected, via an ampliﬁer,
with an emitter coil (ﬁg. 2.7 orange). The emitter coil is also used for the NMR signal
detection, which is further ampliﬁed and sent to the control computer, where it can be
analyzed.
A home-built gradient system (ﬁg. 2.7 blue) is used to produce the magnetic ﬁeld
gradients for labeling the molecules (see section 2.5.1). It provided a maximum magnetic
ﬁeld gradient intensity of 35 Tm−1. So that, depending on the measuring conditions,
diﬀusion displacements of a few hundreds of nanometers could be investigated.
For measurement at diﬀerent temperatures, a heating wire (ﬁg. 2.7 green), which
is wound around a glass tube, was used. In the case of measurements above room
temperature, air is passed through the glass tube, which is heated by the heating wire,
to the sample. For measurement below room temperature, vaporized nitrogen is passed
12
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Figure 2.7: Schematic picture of the measuring principle. The static magnetic ﬁeld (B0)
is produced by a superconductiv magnet (red), which is located in a reservoir of liquid
helium and surrounded, for a better isolation, by another reservoir of liquid nitrogen.
Both reservoirs are, for minimizing the eﬀect of heat exchange, separated from each
other and the environment by a vacuum chamber (left). The sample is located in the
center and surrounded by a gradient coil (blue) and an emitting/detection coil (orange).
For the temperature control a heating wire (green) is used. The gradient system, the
signal emitting/detection device and the heating wire are located in the probehead.
through the glass tube. The nitrogen is thereby located in an external vessel, where
it gets vaporized, with help of an heating device, and introduced into the glass tube.
The temperature regulation is performed by a platinum thermometer (PT 100) and is
automated with help of an Omron temperature controller. Thus the temperature of the
sample can be varied, from approximately -120◦C up to 200◦C.
2.4 NMR pulse sequences
2.4.1 Free Induction Decay (FID)
As mentioned in section 2.2.3 the nuclei possess a spin, which precesses with the Larmor
frequency ω around the direction of the constant magnetic ﬁeld B0. The magnetization
Mx,y,z is deﬁned as the vector sum of all magnetic moments of the nuclei per volume.
In case of equilibrium the magnetization will be aligned parallel to the direction of the
constant magnetic ﬁeld and the magnetizations Mx,y will be zero. After application of
an appropriate RF pulse (a pix/2 pulse (ﬁg. 2.8)), the magnetization will be turned into
the x,y-plane, perpendicular to the direction of the constant magnetic ﬁeld. That is
the so called transverse component of the total magnetization and all spins will rotate
synchronously with the Larmor frequency around the static magnetic ﬁeld B0. The
magnetization Mz will be zero and Mx obtains its maximum value.
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Figure 2.8: Free induction decay (FID), with transverse relaxation time T2* (red dashed
line), following a single pi/2 RF pulse. The red arrow represents the total magnetiza-
tion (Mx,y,z), while the smaller arrows represent some of the individual spins (orange,
purple), which decay with the relaxation time T2*.
Right after the excitation, the phase diﬀerence between the individual spins will
be zero. Because of ﬁeld inhomogeneities, some spins are rotating faster than others
and the phase coherence smears out with time. The transverse relaxation time T ∗2
is therefore deﬁned as the time constant of the loss of transverse magnetization. It
comprises the length of time over which this magnetization can be detected.
2.4.2 Hahn echo sequence
The Hahn echo sequence consists of two RF pulses. The ﬁrst pix/2 pulse causes, by
tipping the longitudinal magnetization towards the magnetic transverse plane, a phase
coherence of all single spin vectors. After a certain time the spin vectors begin to spread,
which leads to a loss of phase coherence and to an irreversible loss of the transverse
magnetization Mx,y (see section 2.4.1). Erwin Hahn [8] discovered that inhomogeneous
dephasing is inherently reversible. By an application of a second piy pulse (ﬁg. 2.9) after
a time τ the loss of phase coherence can be removed. That pulse inverts each single
spin vector at the y-axis about 180 degrees. The precession around the static magnetic
ﬁeld continues, but with reverse rotating direction. The faster rotating spin vectors are
now found to be behind the slower rotating spin vectors. Therefore the faster spins will
catch up the slower rotating spins and cause a refocusing of all magnetic vectors at time
2τ . The resulting phase coincidence is known as spin echo.
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Figure 2.9: Hahn echo pulse sequence, red arrow represents the total magnetization
(Mx,y,z), while the smaller arrows represent some of the individual spins (orange, pur-
ple), and their evolution in time. The piy pulse inverts each individual spin vector, at
the y-axis, about 180 degrees, initiating refocusation giving rise to a spin echo that
occurs at time 2τ .
2.4.3 Carr Purcell Meiboom Gill (CPMG) sequence - T2 Relaxation
The CPMG sequence is an NMR sequence, which is derived from the Hahn echo se-
quence (section 2.4.2), for measuring the transverse relaxation time T2. Phase coherence
recovered in the nuclear spin echo, after piy pulse, is subsequently lost for 4 > 2τ . But
recovering is possible as ﬁrst was suggested by Carr and Purcell [9] and improved by
Meiboom and Gill [10] if a train of additional piy pulses is used as shown in ﬁg. 2.10.
The envelope of all received echoes in the CPMG sequence is determined by the T2
decay alone, which is deﬁned as the time for an irreversible decay of the signal. The
relative intensity is described by the equation:
My(τ) = M0exp(−2τ/T2) (2.32)
and can be obtained by solving the diﬀerential Bloch equations 2.30.
2.4.4 Inversion Recovery (INVREC) sequence - T1 Relaxation
The processes, where the nuclear spin magnetization relaxes to the equilibrium state
are described through the relaxation time T1. In thermal equilibrium the magnetization
Mz, also called longitudinal magnetization, is orientated parallel to the direction of the
15
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Figure 2.10: CPMG pulse sequence represents the recovering of a spin echo and the
evolution of magnetizationMx,y,z(red arrow). The smaller arrows represent some of the
single spins (orange, purple), in time. The envelope of the received echos (red line)
represents the transverse relaxation time T2, which is described by eq. 2.32.
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Figure 2.11: Inversion recovery pulse sequence (a), where the arrows represent the total
magnetization (M) right after the pi pulse (red) and after various recovering times τ
(other colors). The measured values of magnetization and their recovering times are
illustrated in (b), where the red dashed line represents the relaxation time T1, which is
described by eq. 2.33.
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static magnetic ﬁeld B0. After disturbing the longitudinal magnetization by a pi or pi/2
pulse, the magnetization returns, to the initial state Mz, following an exponential law
with time constant T1.
The T1 relaxation time can be obtained with help of the inversion recovery pulse
sequence [11] (ﬁg. 2.11 a). The ﬁrst pix pulse tips the total magnetization Mz into the
negative z-direction. After a recovery time a pi/2x pulse is used to ﬂip the magnetization
into the x,y-plane, where the signal is detected.
If a pi/2x pulse is used right after the pix pulse, the whole magnetization −Mz will
be turned from the negative z-direction into the x,y-plane, where the signal can be
detected.
If the recovery time is getting longer, then some of the spin vectors may relax
back into the direction of the equilibrium state and so the vector sum −Mz will get
smaller until apparently reaching zero. That is the so called crossover point, where
−Mz = Mz = 0 and occurs at the time tcrossover = 0.6931T1. If the recovery time is
getting longer as compared to tcrossover, then the magnetization becomes positive. The
magnetization will be turned then by a pi/2x pulse into the x,y-plane, where a positive
signal can be detected. The measured signals can be drawn over the recovery time τ
and ﬁtted by the following equation:
My(τ) = M0(1− 2exp(−τ/T1)) (2.33)
which can be obtained by solving the diﬀerential Bloch equations 2.29.
2.4.5 Stimulated echo sequence
In many materials (except liquids and gases) the transverse relaxation time T2 is consid-
erably shorter than T1. That fact causes problems especially by measuring over times
longer than T2. A solution for that problem is to store the transverse magnetization at
some point of time τ for a later recall [12].
That can be achieved by using the stimulated echo sequence (ﬁg. 2.12). A pix/2
pulse is used to ﬂip the longitudinal polarizationMz into the transverse x,y-plane, where
the spin vectors begin to spread, as described in section 2.4.1. A second pix/2 pulse,
applied after a time τ , rotates the y-component of magnetization into the longitudinal
state along the z-axis in which only T1 relaxation occurs. Recall is made in a later time
using another pix/2 pulse, where the magnetization is turned back from longitudinal
polarization into the transverse plane. The individual spins begin to refocus, as shown
in section 2.4.2, and build an echo at time τ , after the last RF pulse.
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Figure 2.12: Stimulated echo pulse sequence and illustration of the total magnetization
Mx,y,z (red arrow). The smaller arrows represent some of the single spins (orange,
purple). Magnetization gets stored, after the second pix/2 pulse, in the longitudinal
magnetization. Recall is made by the third pix/2 pulse, where the single spins are
shifted back into the x,y-plane and begin to build an echo by refocusing.
2.5 NMR pulse sequences for diﬀusion measurements
2.5.1 Hahn and stimulated echo
For diﬀusion measurements the molecules need to be labeled to make them distinguish-
able from each other. That can be achieved by using a magnetic ﬁeld gradient, which
was ﬁrst suggested by Steiskal and Tanner [13] in the case of the Hahn echo sequence
(section 2.4.2). The resulting magnetic ﬁeld can then be written as,
B(z) = B0 + gz (2.34)
where g = ∂B/∂z denotes the gradient along the z-direction. The ﬁrst pulsed ﬁeld
gradient (ﬁg. 2.13 b, c) leads to a linear dependency of the Larmor frequency ω, in
the direction of the gradient. This gradient causes, depending on the duration δ and
the amplitude g of the pulsed ﬁeld gradient, dephasing in z-direction and thereby a
position-dependent phase labeling of the spins (ﬁg. 2.13 c). A second identical gradient
between the last RF pulse and the spin echo leads, in connection with the inverting
eﬀect of the pi pulse, to a complete rephasing of the magnetization.
The concept of the so called eﬀective magnetic ﬁeld gradients [14] and the inﬂuence
of the pi pulse can be considered by inverting the sign of all magnetic ﬁeld gradients
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Figure 2.13: Spin echo sequence (a) under the inﬂuence of gradient pulses (b) of duration
δ and amplitude g. The pulsed ﬁeld gradient g∗(4) denotes the eﬀective pulsed ﬁeld
gradient. The applied gradients leading to a position-dependent phase labeling (c)
of the spins where the second identical gradient causes a complete rephasing of the
magnetization and rebuilding of the spin echo. Two cases can be observed. One without
particle diﬀusion, so that the refocusing of the spin echo will appear completely (black
spin echo) and the second one, with diﬀusion, where the spin echo doesn't refocus
completely (blue spin echo).
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prior to the considered refocusing pi pulse. The coeﬃcient g∗(4) is thereby the eﬀective
pulsed ﬁeld gradient. For the spin echo in ﬁg. 2.13 the pulsed ﬁeld gradients g(4) shall
therefore be subject to the following transformation.
g(4)→ g∗(4) =
−g(4) for 4 ≤ τg(4) for 4 ≥ τ (2.35)
If the molecules are not stationary and move during the observation time t, the refocus-
ing will be incomplete and will lead to an irreversible decrease of the echo amplitude.
The signal attenuation is a measure for the displacement of the particles and yields the
diﬀusion coeﬃcients.
Displacements 4z of the particles lead, in the presence of a magnetic ﬁeld gradient,
to a change of their Larmor frequencies:
4ω = −γ ∂B
∂z
4 z = −γg4 z
where γ denotes the gyromagnetic ratio of the spins and ∂B/∂z the gradient along the
z-direction. That change of frequency is, for g = const, directly proportional to the
spatial shift and leads during the time δ to a phase shift of φ = −γδgz. In the case of
diﬀusion the shift 4z is given by a distribution with the mean width √2Dt (eq. 2.8).
By deﬁning q = −γδg, it can be written
Ψ(q, t) =
∫ ∞
−∞
P (z, t)exp(iqz)dz
Ψ(q, t) =
∫ ∞
−∞
1√
4piDt
exp(− z
2
4Dt
)exp(iqz)dz
with
exp(iqz) = cos(qz)− isin(qz)
Integration over the imaginary part would yield zero. Thus, by only using the real term
one may note
Ψ(q, t) =
∫ ∞
−∞
1√
4piDt
exp(− z
2
4Dt
)cos(qz)dz (2.36)
yielding
Ψ(q, t) =
2√
4piDt
1
2
√
4piDt exp(−q
2
4
4Dt) = exp(−q2Dt)
Ψ(γδg, t) = exp(−γ2δ2g2Dt) (2.37)
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Figure 2.14: Stimulated echo sequence (a) under the inﬂuence of a gradient pulses (b)
of duration δ and amplitude g, where g∗(4) denotes the eﬀective pulse ﬁeld gradient.
The used gradient leads to a position-dependent phase labeling of the spins.
Equation 2.37 describes the spin echo attenuation for the spin echo and stimulated echo
pulse sequences (ﬁgs. 2.13 and 2.14). If the length of the gradient pulse δ lies in the
scale of t (eq. 2.37), the diﬀusion time t must be replaced by the reduced observation
time t− δ/3 [13], yielding
Ψ(γδg, t) = exp(−γ2δ2g2D(t− 1
3
δ)) (2.38)
2.5.2 13-interval sequence, for reducing the eﬀect of background gra-
dients
Diﬀerent magnetic susceptibilities in diﬀerent location within the sample can give rise
to additional background gradients leading to an unwanted distortion of the spin echo
attenuation. These background gradients can be compensated by an alternating pulsed
ﬁeld gradient (APFG) NMR sequence, which was ﬁrst suggested by Karlick and Lowe
[14]. The so called 13-interval pulse sequence (ﬁg. 2.15) [1517] reverses the inﬂuence of
the internal magnetic background gradients, in the case of δ1 = δ2, and allows measuring
of the correct diﬀusion coeﬃcient. The expression for the spin echo attenuation function
for the 13-interval sequence is given by
Ψ(γδg, t) = exp(−γ2δ2g2D(t− τ
2
− 1
6
)) (2.39)
where the eﬀective diﬀusion time t (eq. 2.37) has been replaced by (t− τ2 − 16).
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Figure 2.15: 13-interval pulse sequence (a) designed to minimize the eﬀect of background
gradients under the inﬂuence of gradient pulses (b) of duration δ and amplitude g, where
g∗(4) denotes the eﬀective pulsed ﬁeld gradient.
2.6 Sample preparation
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Figure 2.16: Schematic picture for the used loading device. The guest molecules are
introduced into a calibrated known volume and freezed out of that with liquid nitrogen.
The porous material is ﬁlled into NMR glass tubes with an outer diameter of 7 mm,
with a ﬁlling height of 10 mm and activated by a temperature increase under vac-
uum. After the activation procedure the sample were cooled down under continuous
evacuation. The guest molecules are introduced in a calibrated known volume, under a
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calculated pressure, which corresponds to the required amount. For loading the sample,
the glass tubes with the sample material, was put in liquid nitrogen for freezing the
guest molecules out of a calibrated volume (ﬁg. 2.16). After loading, the glass tubes
were fused.
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Diﬀusion measurements in meso-
and microporous LTA zeolites
Nanoporous materials, which are generally used for mass conversion by shape-selective
catalysis [18] and for mass separation by molecular sieving and selective adsorption [19],
provide a close contact between the guest molecules and the surfaces. That closeness,
which is required to obtain the desired reaction rates, gives rise to a reduced guest
diﬀusivity [2023] and leads therefore to a limitation in their performance.
Overcoming such diﬀusion-related limitations in performance, may be based on the
fabrication of materials with hierarchical pore spaces or, to be more precisely, on the gen-
eration of mesopores, which traverse the microporous bulk phase [2427]. In this study
the intracrystalline diﬀusivities in an extra-large hierarchically-structured nanoporous
material were studied using PFG NMR. In a ﬁrst experiment, propane has been used
as a guest molecule to prove the diﬀusion acceleration in the mesoporous samples as
compared to the purely microporous material. In a further experiment, ethane, which
is capable of permeating the micro- and mesopore space, and cyclohexane, which is
unable to enter the micropores, have been chosen as guest molecules. By temperature
variation, which changes the accessibility and mobility in the mesopores, and by block-
age of the mesopores through deuterated cyclohexane molecules the diﬀusivities in the
two pore spaces could be probed separately from each other.
3.1 Structure of LTA zeolites
Figure 3.1 illustrates the 3-dimensional pore structure of the LTA (Linde Type A)
zeolite, where the pores are orientated perpendicular to each other in the x, y, and z
planes. The zeolite is accessible through the eight-membered oxygen windows with a
diameter of about 4.3 Å. They lead into the larger cavity (α-cage) with a diameter
of about 11.4 A˚ [28]. That α-cage is surrounded by eight sodalite cages, which can be
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Figure 3.1: Schematic picture of the LTA zeolite. The α-cage (red) is accessible through
the eight-membered oxygen window (orange) and is surrounded by eight sodalite cages
(blue) with the six-membered oxygen windows (green). The purple circles illustrat the
cations. For Ca2+ the cations are bound at position 1 on the sodalite cage, in case of
Na+ the cations are bound at position 1 and 2, where it blocks a part of the entrance
to the α-cage. The smaller black and white circles represent the silicon and aluminium
atoms.
entered only by very small molecules (such as water), through the six-membered oxygen
windows. The sodalite cage consists of an AlO4 and SiO4 tetrahedron structure, where
the aluminium and silicon atoms are connected through each other by oxygen atoms, so
that each aluminium atom, of the lattice, generates a negative charge. That negative
charge can be balanced out by 12 monavalent or 6 divalent bonds of cations per sodalite
cage. In case of monavalent cations (Na+) only 8 cations can be accommodated on the
sodalite cages, one on each of the six-membered oxygen windows. The remaining ones
are located in the eight-membered oxygen windows, where they block a part of the
access to the α-cage (ﬁg. 3.1). In case of divalent cations (Ca2+) all 6 cations can be
accommodated on the sodalite cage, so that the eight-membered oxygen window is fully
accessible. The diameter of that window enlarges then to 5 Å. Thus, with the choice of
cations, the adsorption behavior can be inﬂuenced.
3.2 Production of NaCa-LTA zeolites
For the synthesis of mesoporous LTA zeolites 3-(trimethoxysilyl)propylhexadecyldi-
methylammonium chloride (TPHAC), which gives rise to the formation of mesopores,
with a diameter of a few nm, within the LTA microporous space, was used as an
organosilane surfactant (OSS). From the gel composition 100 SiO2/333 Na2O/67.0
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Figure 3.2: SEM images of purley microporous (NaA-0, left) and mesoporous (NaA-5,
right) LTA samples [29, 30]. The top images display the external surface of the calcined
samples and the images below are taken after cross-sectional polishing by focused gal-
lium ion beam. The mesoporous channels can be registrated as the darker slant lines
in the lower right image.
Figure 3.3: Particle size distribution of the three produced zeolites (A, B and C) and
the nitrogen sorption isotherms of the ion exchanged Ca2+ samples (D). The obtained
surface area and mesopore volume of CaA-0, 2 and 5 are (422.26 m2g−1, 0.005 cm3g−1),
(468.53 m2g−1, 0.110 cm3g−1), (491.06 m2g−1, 0.218 cm3g−1), respectively [30].
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Al2O3/20000 H2O/n OSS/m triethanolamine, three zeolite samples were synthesized,
where n was varied to 0, 2 and 5, to generate diﬀerent mosoporosity levels [25, 2831].
Triethanolamine was thereby used to increase the crystal size, of about 11 µm [32].
The gel was shaken for 5 minutes and then heated for 4 h at 373 K under vigorous
magnetic stirring. After that procedure, the product was ﬁltered, washed with distilled
water, dried in an oven at 373 K and calcined at 823 K for 3 h.
The synthesized zeolite samples were denoted as Na-LTA-0, 2 and 5. Here, Na
means the cationic form of LTA zeolite, and the numbers following LTA refer to the
TPHAC mole numbers, in the initial synthetic gel. All LTA zeolite samples were ion-
exchanged with Ca2+, by dispersing 1 g of calcined samples (Na-LTA-n) in 1 M of
CaCl2 aqueous solution, with magnetic stirring for 6 h at room temperature (293 K).
This treatment was repeated three times, collecting samples by ﬁltration each time.
The ion-exchanged zeolite, now denoted as NaCa-LTA-0, 2 and 5, were dried in an oven
at 373 K. The morphology, particle size and the mesopore structure of the samples are
maintained after calcination and ion-exchange treatments.
SEM (scanning electron microscope) images and the characteristics of the produced
meso- and microporous zeolites, such as the particle size distribution and the nitrogen
sorption isotherm are shown in ﬁg. 3.2 and 3.3 [29, 30].
3.3 Diﬀusion of propane in LTA zeolites
The following diﬀusion measurements have been done by using propane as a guest
molecule, with a loading of 3 molecules per LTA α-cage, in NaCa-LTA-0, 2 and 5
zeolites. All measurements were performed with the 13-interval stimulated echo pulse
sequence (section 2.5.2), which reduces the possibly disturbing inﬂuence of internal ﬁeld
gradients inside the probe material, at a temperature of 25◦C.
Typical examples of the PFG NMR signal attenuation curves measured at diﬀerent
observation times t are shown in ﬁg. 3.4 (a) for the purley microporous zeolite (NaCa-
LTA-0) and in (b, c) for the mesoporous samples (NaCa-LTA-2, 5). In a logarithmic
plot vs. the squared pulsed gradient intensity, the diﬀusion coeﬃcient D is obtained as
the slope of the attenuation function
Ψ(γδg, t)
Ψ0
= exp(−γ2δ2g2Dt) (3.1)
In the case of a ﬂuid or for short displacement in porous media, that signal attenuation
is, in the logarithmic scale, a linearly decreasing function. The diﬀusion coeﬃcient D
can then be obtained by ﬁtting the measured data points by equation 3.1. In the case
of the mesoporous material, deviations from a single straight line can be observed in
ﬁg. 3.4 (b) and (c). For these situations, it must be considered that the intracrystalline
diﬀusivity in the mesopores depends on their size and their relative volume. These
28
3.3. Diﬀusion of propane in LTA zeolites
0,0 2,0x10
11
4,0x10
11
6,0x10
11
8,0x10
11
1,0x10
12
0,7
0,8
0,9
1
 20 ms
 60 ms
 200 ms




g
2
t / sm
-2



(a)
0,0 5,0x10
10
1,0x10
11
1,5x10
11
2,0x10
11
2,5x10
11
0,1
1
 20 ms
 160 ms
 200 ms







g
2
t / sm
-2
(b)
0,0 2,0x10
10
4,0x10
10
6,0x10
10
8,0x10
10
1,0x10
11
0,1
1
 20 ms
 40 ms
 80 ms
 120 ms







g
2
t / sm
-2
(c)
a)
b)
c)
Figure 3.4: Measured PFG NMR attenuation curves, for propane, in NaCa-0 (a), NaCa-
2 (b) and NaCa-5 (c) for diﬀerent observation times t (see insets) measured at 25◦C.
An estimate of the mean and the smallest value of the diﬀusion coeﬃcient, in (b) and
(c) are represented by the dotted and dashed lines [30].
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Figure 3.5: Diﬀusion coeﬃcient D for propane in NaCaA-0 (squares), -2 (circles) and -5
(triangles), obtained at diﬀerent observation times t, from the PFG NMR attenuation
curves in ﬁg. 3.4 (a), (b) and (c). The ﬁlled symbols represents the mean diﬀusivities
and the open ones the minimum values of the diﬀusivities in the mesoporous zeolites
[30].
properties may vary inside a selected crystal as well as from crystal to crystal. In the
samples with diﬀerent diﬀusivities the entire signal attenuation results as the weighted
mean of eq. 3.1:
Ψ(γδg, t) = Ψ0
∫
p(D)exp(−γ2δ2g2Dt)dD (3.2)
where p(D) denotes the probability (density) that the local diﬀusivity, determined by
the pore space, is equal to D. The diﬀerent phases within the pore space with the
diﬀerent mobilities are not strongly weighted by their transverse relaxation time. For
the initial part of the attenuation curve (dotted lines in ﬁg. 3.4 b and c) it holds:
∫
p(D)exp(−γ2δ2g2Dt)dD ≈ exp(−γ2δ2g2Dmeant)
with
Dmean =
∫
Dp(D)dD (3.3)
This part of the attenuation form is thus found to yield the mean value of the diﬀusivity
Dmean within the sample. The dashed lines in ﬁg. 3.4 (b) and (c) may be considered as
an estimate of the lowest diﬀusivities. It is worth noting that the curvature in ﬁg. 3.4 (b)
and (c) does not signiﬁcantly vary with increasing observation time. This indicates that
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the distribution of the diﬀusivities remains essentially unaﬀected. With the diﬀusivities
given in ﬁg. 3.4, with the largest observation times t and with the Einstein relation (eq.
2.9), the diﬀusion path lengths are found to approach the crystal size. Thus, a diﬀusivity
distribution within individual crystals should be averaged out. The attenuation plots
should tend, for large observation time, to a single-exponential decay, which is not
observed in this experiments. The distribution p(D) of the diﬀusivities should be caused,
therefore, by inhomogeneities over diﬀerent crystals.
Molecules which are able to leave, during the observation time t, the individual
crystal, in which they have been located at time t = 0, undergo very large displacements
in the free space and give rise to a ﬁrst fast decay in the attenuation curve. The
attenuation curve becomes then a linear combination of two exponentials, as can be
seen in ﬁg. 3.4 (b, c). Mathematically it is described by the following equation,
Ψ(γδg, t) = p(t)exp(γ2δ2g2Dintrat) + (1− p(t))exp(γ2δ2g2Dlong-ranget) (3.4)
where p(t) denotes the fraction of molecules, which have, during the observation time t,
remained within one and the same crystal. With increasing observation time t and with
therefore also increasing molecular displacement (eq. 2.9), more and more molecules are
able to leave the individual crystals. This leads to a decrease in the relative amount p(t)
of the guest molecules, which have remained in the same crystal. Thus the ﬁrst term of
eq. 3.4 describes the diﬀusion within the crystals, while the second term describes the
long-range diﬀusion and the molecular exchange through the external space. The ﬁrst
fast decaying part of the attenuation curve, which yields only the long-range diﬀusion,
is therefore of no relevance for the determination of the intracrystalline diﬀusivity.
Figure 3.5 represents the diﬀusion coeﬃcients, which were determined from the at-
tenuation curves shown in ﬁg. 3.4, at diﬀerent observation times t. The ﬁlled symbols
represent the mean diﬀusivities (dotted lines ﬁg. 3.4 b and c) and the open ones are
the estimates of the lowest diﬀusivities (dashed lines ﬁg. 3.4 b and c). The mesoporous
(NaCa-LTA-2, 5) and the microporous material (NaCa-LTA-0) are shown by the circles,
triangles and squares. It can be seen that the diﬀerence between the mean and mini-
mum diﬀusivities is slightly larger for the sample with a higher amount of mesopores.
Furthermore, the diﬀusivities are found to be constant over the observation times from
10 ms up to 200 ms, which implicates that mass transfer takes place as ordinary diﬀu-
sion over displacements from 100 nm up to 10 µm (eq. 2.9). For the case of the purely
microporous sample, this result is in agreement with the result of a previous study [33]
for the intracrystalline diﬀusivity for propane at room temperature, yielding a value of
4 · 10−13 m2s−1.
In mesoporous zeolites ordinary diﬀusion can only be observed if the fast exchange
between the meso- and micropore spaces is established for times shorter than the total
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observation time. The eﬀective intracrystalline diﬀusivity within the mesoporous zeolite
can therefore be assumed to follow the fast exchange expression of the two-region model
of molecular diﬀusion [34, 35]
Deﬀ = Dintra = pmicroDmicrco + pmesoDmeso (3.5)
where pmicro(meso) denotes the relative amount of molecules and Dmicro(meso) the diﬀu-
sivities in the micro-(meso-)pores.
For an order-of-magnitude estimate, the mesopores can be approximated by channels
with diameter d. This results in the Knudsen relation [36, 37]:
Dmeso =
d
3
√
8RT
piM
(3.6)
where R denotes the gas constant, T the temperature and M the molecular weight of
the diﬀusing species. It is noteworthy that this assumption assumes that only the meso-
porous space is permeable. This, however, has been proven for this type of mesoporous
zeolites in [28]. The diﬀusion process in the mesopores can then be characterized by a
ﬁnite long-range diﬀusivity.
For an estimation of the relative amount of molecules in the mesopore space the
following equation has been used:
pmeso =
Nmeso
Nmicro +Nmeso
(3.7)
where Nmicro and Nmeso are deﬁned as the total number of guest molecules within the
micropore and mesopore spaces, respectively.
From the adsorption isotherms found in [38] and the known guest loading of three
molecules per large cavity the pressure in equilibrium may be set as P ≈ 5.3103 Pa. The
pore diameter d can be estimated from the capillary-condensation pressure in ﬁg. 3.3
and is found to be about 5 nm. With these values one ﬁnally obtains pmeso ≈ 1.0 · 10−4
for NaCaA-2, pmeso ≈ 2.3 ·10−4 for NaCaA-5 (eq. 3.7) and Dmeso ≈ 6.3 ·10−7 m2s−1 by
using equation 3.6, for both mesoporous samples. The contributions of the mesopores
to the overall intracrystalline diﬀusivities is thus found, by eq. 3.5, to be pmesoDmeso ≈
6.3 · 10−11 m2s−1 for NaCaA-2 and 1.5 · 10−10 m2s−1 for NaCaA-5. By considering that
the mesopore space is in fact tortuous, the estimate of pmesoDmeso must be considered
as an upper limit [30].
3.4 Diﬀusion of ethane in LTA zeolites
Additional experiments have been done by loading the micro- and mesoporous LTA
zeolites with 3 molecules ethane per α-cage of the micropore structure. In the case
of the mesoporous material, the mesopores were left empty for one sample, while ﬁlled
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with cyclohexane for the second sample. The cyclohexane was applied in the deuterated
form, so that only the signal from the ethane molecules gave rise to the observed 1H
NMR signal.
In the last experiment with the mesoporous material, only the mesopores were ﬁlled
with cyclohexane, where the micropores have been left empty. In this way, only diﬀusion
of cyclohexane in the mesopores was probed.
The primary data of the PFG NMR diﬀusion experiments
Figure 3.6 (a-c) shows typical examples of the measured signal attenuation curves for
the purely microporous sample loaded with ethane (a) and the mesoporous samples
(NaCaA-5) loaded with ethane (b) and cyclohexane (c). In all three samples the initial
fast decay can be recognized. This is explained, as have been noted in section 3.3, by
the occurrence of molecules, which are able to leave their individual crystals in which
they have been located at time t = 0. The diﬀusivity of ethane is known to be faster
compared to that of propane. Hence, the fast decay is even pronounced already in the
purely microporous sample. With increasing observation time more and more molecules
are able to leave their individual crystals and the relative amount p(t) of guest molecules,
which have remained within one and the same crystal, decreases.
Diﬀusion within the individual crystallites, is obtained by the second, more slowly
decaying part of the attenuation curves. In line with the discussion in section 3.3,
a deviation in the semi-logarithmic plot from an exponential dependence can also be
recognized for the diﬀusion measurements with ethane. The mean value of the diﬀusivity
Dmean (section 3.3) has been used for analyzing the diﬀusion behavior of ethane in the
LTA zeolites [4].
For the shorter observation times the slope of the attenuation curves (ﬁg. 3.6 a-c)
is seen to remain invariant. This ﬁnding indicates, with eq. 3.1, the occurrence of
normal diﬀusion, where the molecular mean square displacements increase linearly with
observation time t (eq. 2.9). For larger observation times, the diﬀusivities in ﬁg. 3.6
(a) and (b) are seen to decrease with increasing diﬀusion time. Thus, diﬀusion appears
to be spatially conﬁned. This is recognized by the decrease of the eﬀective diﬀusivity
with increasing observation time.
The ethane diﬀusivities: tracing micro- and mesopore spaces
Figure 3.7 shows the diﬀusivities D within the zeolites at temperatures from 164 K
(−109◦C) to 333 K (60◦C). The open symbols imply the measurements in the purely
microporous NaCaA-0 (circles) zeolites and mesoporous NaCaA-2, 5 (triangles, dia-
monds) zeolites, using ethane as the sole guest molecule. In the case of the ﬁlled
symbols, deuterated cyclohexane besides ethane was added to the mesoporous zeolites
NaCaA-2 (triangles) and NaCaA-5 (diamonds). Due to its size, cyclohexane has only
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Figure 3.6: PFG NMR signal attenuation curves measured at room temperature (25◦C)
using ethane as guest molecule in the purely microporous zeolite NaCaA-0 (a) and
with ethane (b) and cyclohexane (c) in the mesoporous zeolite (NaCaA-5) for diﬀerent
observation times t (see insets) [29].
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Figure 3.7: Intracrystalline diﬀusivities D obtained for an observation time t = 10
ms using ethane as guest molecule in purely microporous zeolites NaCaA-0 (circles),
mesoporous zeolites NaCaA-2 (triangles), and NaCaA-5 (diamonds). The ﬁlled symbols
represent the measurements for ethane in the sample with the mesopores blocked with
deuterated cyclohexane. The full lines are the best Arrhenius ﬁt to the diﬀusivities in
the purely microporous specimen. By the parallel shift to lower values the estimates for
the intracrystalline diﬀusivities within the mesoporous material are shown. The broken
line is the variation of the contribution of diﬀusion in the (unblocked) mesopores to the
overall intracrystalline diﬀusivity [29].
access to the mesopores and interferes with the diﬀusing ethane molecules in the meso-
porous space. The Arrhenius equation
D(T )NaCaA = D0exp(−EA/RT ) (3.8)
ﬁtted to the experimental data for purely microporous zeolite (open circles) yields the
activation energy of EA = 6.3 ± 0.3 kJ/mol. This is in agreement with the results
obtained earlier in purely microporous LTA zeolites [33]. The same activation energy
can be found by a parallel shift of the ﬁtted straight line to lower values. The slope is
found to correspond to the ethane diﬀusivities in the material in which the mesopores
are ﬁlled with deuterated cyclohexane. This behavior was predicted by considering the
blocked mesopores in the intracrystalline guest diﬀusion [30, 39, 40]. For fast molecular
exchange between the meso- and micropore spaces the intracrystalline diﬀusivity results
as the superposition of the relative contributions due to displacements in the two pore
spaces, which can be mathematically described by eq. 3.5. It was shown in section
3.3 with propane that the term pmesoDmeso (eq. 3.5) leads to an orders-of-magnitude
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enhancement of the diﬀusion within the mesoporous zeolite as compared to the purely
microporous one. This fact can be explained by large displacements in the void space
of the mesopores occurring as Knudsen diﬀusion [41, 42].
In the mesopourous samples, where the mesopore space is ﬁlled by cyclohexane,
Knudsen diﬀusion cannot take place and the diﬀusion of ethane molecules slowed down
dramatically. The existence of mesopores, in this case, gives rise to decreased instead
of accelerated intracrystalline mass transfer due to the fact that the mesopore space is
not accessible and is blocked by cyclohexane. This is exactly the situation known for
mass transfer in media containing steric obstacles.
For large diﬀusion path lengths, in samples with forbidden regions, the resulting
diﬀusivity Deﬀ is known to be reduced by a constant factor in comparison with the
diﬀusivity in the bulk phase (Dbulk) [4, 4346]:
Deﬀ =
Dbulk
τ
. (3.9)
τ denotes here the tortuosity. It typically increases with increasing volume fraction
of the forbidden regions [4, 46] This can as well be seen in ﬁg. 3.7, where the ethane
diﬀusivity in samples with higher porosity and, therefore with higher fraction of the
blocked regions, is found to be slower than in the sample with smaller content of the
mesopores. Interestingly, the results obtained reveal that, with decreasing temperature,
the ethane diﬀusivities in the mesoporous samples with unblocked mesopores can exhibit
both patterns, acceleration or deceleration of diﬀusion. This is simply decided by the
temperature. The fraction pmeso is found to follow the Arrhenius dependence
pmeso ∼ exp(−Eads/RT ) (3.10)
with Eads denoting the isosteric heat of adsorption [4, 30]. This relation is indicated
by the broken line in ﬁg. 3.7 (with a value of Eads = 28 kJ/mol taken from [38]) and
illustrates the relative contribution of the second term in eq. 3.5.
With decreasing temperature, the slope of the Arrhenius plot for the unblocked
mesoporous zeolites approaches that of the broken line. This yields that, with decreas-
ing temperature, i.e. with decreasing thermal energy, more and more guest molecules
will fail to get into the free mesoporous space. Hence, the diﬀusivities in the zeolites
with unblocked mesopores approach those in the zeolites with blocked mesopores. The
molecular displacements, then, mainly take place by the propagation in the micropores.
The latter is recognized by a notable reduction of the diﬀusivity in comparison with
that in the purely microporous zeolites [47]. The increase of the ethane diﬀusivities
in the mesoporous zeolites NaCaA-2 and 5 with increasing temperature (ﬁg. 3.7) is,
hence, a consequence of both the increased contribution of mesopore diﬀusion and the
increased diﬀusivities due to reduced anti-correlations in the molecular displacements.
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The eﬀect of anti-correlations in molecular displacements is automatically taken into
account in the series-parallel formula for diﬀusion in heterogeneous media [1]. In the
given context, it may be noted in the form
Dintra = p1Dmicro + p2pmesoDmeso + p3
DmicropmesoDmeso
Dmicro + pmesoDmeso
(3.11)
This approach considers three diﬀerent types of diﬀusion paths for the guest molecules,
within the hierarchical pore space. These are the paths through the micro- or the
mesopores and the paths through both spaces. The blocked mesopores can be seen
therefore as obstacles in the continuous space of micropores. Equation 3.11 is a linear
combination of these three mechanisms operating in parallel, where the last term refers
to the diﬀusivities in the micro- and mesopores. The concentration diﬀerences in the
two pore spaces is taken into account by the prefactor pmeso (see therefor section 15.8.1
in Ref. [4]). The temperature dependence of eq. 3.11 is deﬁned through the amount of
guest molecules in the mesoporse pmeso and, with eq. 3.10 and 3.11, two limiting cases
can be deﬁned
high temperatures:
(pmesoDmeso >> Dmicro) −→ Dintra = p2pmesoDmeso (3.12)
low temperatures:
(pmesoDmeso << Dmicro) −→ Dintra = p1Dmicro + p3pmesoDmeso (3.13)
With these equations, the ethane diﬀusivity in the unblocked mesoporous material
can be described. With this model consideration, the values of Dintra at the highest
temperatures considered in this study are still of the order of the micropore diﬀusivities.
Hence, the conditions for the validity of eq. 3.12 are still not fulﬁlled. It is in complete
agreement with our expectation that the slope in the Arrhenius plot of the eﬀective
diﬀusivity for ethane in NaCaA-5, as shown in ﬁg. 3.7, assumes the intermediate values
between those of pmeso (broken line) and Dmicro (full lines). For low temperatures, with
eq. 3.13, Dintra slows down with decreasing mesopore contribution. In this regime, they
are essentially inaccessible. Also, the decay of Dintra is seen to nicely follow that of
pmeso, as expected.
3.4.1 Diﬀusion of cyclohexane: conﬁnement to mesopores
Cyclohexane molecules with a diameter of about 0.69 nm are unable to enter the mi-
cropore space for which the eﬀective window diameter for the large cavities is about
0.42 nm. Intracrystalline diﬀusion for cyclohexane occurs therefore only in the mesopore
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Figure 3.8: Diﬀusion D in the purley microporous and mesoporous material with ethane
(triangles) as guest molecule and diﬀusion, of cyclohexane (circles) in the mesoporous
material and in the liquid phase, at room temperature. The lines are shown to guide
the eye [29].
space. Now the situation is reversed in comparison with section 3.3. The micropores are
now the forbidden regions, while the diﬀusivity in the mesopores is recorded. The diﬀu-
sivities in the mesopores at room temperatures are found to be (1.0±0.1) ·10−10 m2s−1
in NaCaA-2 and (1.7 ± 0.1) · 10−10 m2s−1 in NaCaA-5. These values are about one
order of magnitude below the diﬀusivities for cyclohexane in the free liquid of about
1.4 · 10−9 m2s−1 [48]. Such a reduction in the diﬀusivity, as compared with that in the
free liquid phase, can be rationalized by tortuosity and by speciﬁc interaction with the
pore walls.
Figure 3.6 indicates that the mean square displacements increase linearly with the
observation time t. Thus diﬀusion in both subspaces turns out to be normal (eq. 2.9),
as also seen in section 3.3. Furthermore, it may be concluded that both subspaces form
mutually interpenetrating spaces [28].
3.4.2 Pore space hierarchy and diﬀusivities
For the considered guest molecule ethane the mesoporous space could been made, in the
experiments, inaccessible, by blocking the mesopore space with deuterated cyclohexane
or by measurements at suﬃciently low temperatures. The cyclohexane molecules are
thereby too bulky (see section 3.4.1) to enter the micropore space. That experimental
situation allows, therefore, to investigate the diﬀusion, in the two subspaces, which are
exactly complementary to each other, separately.
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Figure 3.8 represents the diﬀusivity data of ethane (diﬀusion measured in the mi-
cropore subspace) and of cyclohexane (diﬀusion measured in the mesopore subspace).
It can be seen that the micropore diﬀusivity (for ethane with blocked mesopores) in
NaCaA-2 is larger than in NaCaA-5, while it is exactly reversed for cyclohexane. The
presence of the mesopores leads, therefore, to a decrease of the intracrystalline diﬀusiv-
ities, if the mesopores, as provoked in the given experiments, are excluded from mass
transfer.
For an estimate, a medium with parallel impermeable cylinders is assumed, where
the diﬀusivityDeﬀ, deﬁned by eq. 2.8 with suﬃciently large displacements perpendicular
to the cylinder axes, is given by [46]
Deﬀ
D
=
1− φ
1 + φ
(3.14)
where φ denotes the volume fraction of the obstacles (barrier) and D the diﬀusivity of
the medium. Assuming, for the purely microporous zeolite, a mass density of about
2 g/cm3, gives a volume amount for the mesopores of φ=0.18 for NaCaA-2 and φ=0.30
for NaCaA-2. This value leads, with eq. 3.14, to a diﬀusion reduction of about 30 % in
Na-CaA-2 and 50 % in NaCaA-5, in comparison with the purely microporous sample.
The measured drop of diﬀusivities, which is obtained by ﬁg. 3.7 and 3.8, is of about 5
to 10 and, thus, in striking contrast with this estimate. This indicates that the space
occupied by the mesopores is not adequately reﬂected by the model assumptions leading
to eq. (3.14). For giving rise to the observed reduction, the mesopores must rather be
assumed to be preferentially arranged in parallel layers [29, 49].
3.4.3 Results and conclusion
The focus of our studies was directed on the exploration of transport phenomena in hi-
erarchical pore systems. From the experimental diﬀusivity data represented in ﬁg. 3.5
and the order-of-magnitude estimate based on a simpliﬁed gas-kinetic model it can be
inferred that the presence of mesopores leads to an enhancement of the intracrystalline
diﬀusivities. Furthermore it could be shown that mass transfer in the mesoporous mate-
rial obeys the laws of normal diﬀusion, just as in the purley microporous material. This
indicates fast molecular exchange between the micro- and mesopore spaces. From that
observation it can be conclude that the dominant part of the probe molecules and their
trajectories alternate between positions in the two pore spaces and the enhancement
of diﬀusion in the mesoporous material, compared to that of the purely microporous
zeolites, is exclusively caused by mass transfer through the mesopores. An order-of-
magnitude estimate of the overall diﬀusivity, with the assumption that the mesopore
system is formed by straight channels of uniform diameter, leads to values which are in
a reasonable agreement with the experimental data. Small diﬀerences can be referred
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to the inﬂuence of the tortuosity of the mesopore space and of the pore size variation
which, in this rough model, are not taken into consideration. Both of this inﬂuences are
known to lead to an additional decrease in the diﬀusivity [15]. These eﬀects decrease
with increasing porosity, which is in complete agreement with our experimental ﬁnding.
In a second experiment with LTA zeolites probe molecules of diﬀerent size (namely
ethane and cyclohexane) have been applied, where it was possible, with a temperature
variation and an intentional blockade of the mesopores, to vary the signiﬁcance and
the contributions of the diﬀerent parts of the pore system to the observed overall mass
transport. In this way it became possible to reﬂect diﬀerent aspects of mass transfer
in the pore space hierarchy. In addition to the observed acceleration of intracrystalline
mass transfer, which could be shown by the measurements with propane used as guest
molecule, it was possible to show that, by excluding the mesopores from the overall mass
transfer, the presence of the mesopores may as well lead to a pronounced decrease in
the intracrystalline diﬀusivities. Such a blockage of the mesopores could be caused, for
example, by depositions during the technological application of such materials, whereby
the beneﬁt of the mesopores gets lost and may, eventually, be even converted into its
opposite. The option to measure mass transfer separately in the micro- and mesopore
spaces oﬀers new prospects for the investigation of materials with hierarchical pore
structure and for their optimized fabrication.
Gas-kinetic order-of-magnitude estimates of the diﬀusivities are in satisfactory agree-
ment with the experimental data and are thus shown to provide a straightforward means
for predicting and quantifying the beneﬁt of hierarchically structured nanoporous ma-
terials in comparison with their purely microporous equivalent [29, 30].
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Diﬀusion in mesoporous X-type
zeolite nanosheet assemblies
The reduced guest diﬀusivity in nanoporous materials can be overcome by the fab-
rication of materials with hierarchical pore spaces as already seen in chapter 3. In
the present study the diﬀusion in low-silica X-type zeolites with a generated intracrys-
talline mesoporosity, compared with their purely microporous specimen, have been in-
vestigated. The fabricated mesoporous X-type zeolites show a formation of zeolitic
nanosheets (ﬁg. 4.2) [50], which is in contrast with the other produced mesoporous low-
silica zeolites, like LTA (Linde Type A) and SOD (Sodalith Type), where a compact
crystal formation (ﬁg. 3.2) is observed [25, 28, 51]. The so grown as house-of-cards-
like nanosheet assemblies with intracrystalline mesoporosity generates a pore system of
micro-, meso- and macropores, which are hierarchically interconnected to each other.
That is diﬀerent to the yet other produced low-silica zeolites (LTA, SOD), where the
hierarchical zeolites involve either a micro/meso [28, 5156] or a micro/macro [52], but
not an interconnection of all three spaces.
4.1 Structure of X-type zeolite nanosheet assemblies
Figure 4.1 illustrates the 3-dimensional pore structure of the X-type zeolites, where the
pores are orientated perpendicular to each other. The zeolite is accessible through the
twelve-membered oxygen windows with a diameter of about 7.4 Å. They lead into the
inner cavity with a diameter of about 12 Å, which is surrounded by ten sodalite cages.
These can be entered only by very small molecules (such as water), through the six-
membered oxygen windows. They consist of an AlO4 and SiO4 tetrahedron structure,
where the aluminium and silicon atoms are connected through each other by oxygen
atoms (ﬁg. 4.1). The framework may be seen as a tetrahedral array of sodalite cages,
which are connected through each other by the six-membered oxygen bridges. The inner
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Figure 4.1: Schematic picture of the X-type zeolites. The inner cage (red) is accessible
through the twelve-membered oxygen window (orange) and is surrounded by ten sodalite
cages (blue) with the six-membered oxygen windows (green). The smaller black and
white circles represent the silicon and aluminium atoms.
Table 4.1: Molar gel composition [mol] and reaction conditions for the synthesis of the
NaX samples [57].
Sample Al2O3 SiO2 Na2O K2O H2O TPHAC Crystallization
NaX-micro 1.00 3.00 3.50 0.00 180 - 80◦C, 4d
NaX-meso 1.00 3.00 3.50 0.00 180 0.06 80◦C, 3d
cages are interconnected with neighboring cages through four tetrahedrally directed
twelve-membered oxygen rings. The distinction between inner cages and windows is
much less pronounced than described in section 3.1 for the LTA structure. The location
of cations within the 12 oxygen rings is not energetically favorable so that a dramatic
variation of diﬀusivity with cation exchange, as seen for the LTA zeolites (section 3.1),
is generally not observed [4].
4.2 Production of X-type zeolite nanosheet assemblies
The purely microporous X-type zeolites samples were, like other zeolites (e.g. LTA),
synthesized from an alumina source such as sodium aluminate and a silica source such
as sodium silicate. For the formation of mesopores, in the purely microporous X-
type zeolites, the organosilane surfactant 3-(trimethoxysilyl)propylhexadecyldimethyl-
ammonium chloride (TPHAC) have been added, as described in section 3.2, to the
mentioned ingredients. All samples were afterwards calcined at 650◦C for 12 h in
air. Further details of the synthesis procedure can be found in ref. [50] and speciﬁc
conditions are given in table 4.1 [57].
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4.3 Properties of the X-type zeolite nanosheet assemblies
Figure 4.2: SEM images of the zeolite NaX samples under study [50, 57].
a) b)
Figure 4.3: Nitrogen adsorption isotherms (a) and pore-size distribution curves (b) of
the investigated NaX samples [50, 57].
Figure 4.2 shows the SEM images of the conventional X-type zeolites (NaX-micro) and
the X-type zeolites synthesized in the presence of TPHAC (NaX-meso). It can be seen
that the purely microporous zeolite has a compact octahedral shape, which is typical
for X-type zeolites, while in contrast the mesoporous zeolites consists of ball-shaped
house-of-cards like nanosheet assemblies [50].
Figure 4.3 represents the Nitrogen adsorption isotherms (performed at 77 K) and
the pore size distribution curves of the calcined micro- and mesoporous nanosheet as-
semblies. The mircroporous sample shows, as expected, a type I isotherm (typical for
completely microporous material), were in contrast the mesoporous sample shows a type
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IV isotherm, which is typical for mesoporous materials [50]. The nitrogen adsorption
results can be found in ﬁg. 4.3 and table 4.2 [57].
An important fact is that the formation of zeolitic nanosheets induced by the use
of TPHAC has not been observed with any other zeolite type [25, 28, 51], where the
presence of TPHAC leads to a formation of quite compact zeolite crystals (SOD, MFI,
or LTA) with intracrystalline mesoporosity [25, 28, 50, 51].
Table 4.2: Morphological characteristics of the zeolite NaX samples [57].
Analysis Property NaX-micro NaX-meso
N2 sorption ABET [m2g−1] 908 696
Aext [m2g−1] 14 84
Vmicro [cm3g−1] 0.36 (95%) 0.26 (61%)
Vmeso [cm3g−1] 0.02 (5%) 0.16 (37%)
Vtot [cm3g−1] 0.38 (100%) 0.43 (100%)
4.4 Diﬀusion in mesoporous X-type zeolite nanosheet as-
semblies
The PFG NMR self-diﬀusion measurements were performed with the 13-interval stim-
ulated echo pulse sequence (see section 2.5.2) using cyclohexane as guest molecules.
The number of molecules was chosen according to the total micropore volume of the
samples, as given in table 4.2 [57] at a 100% micropore loading
4.4.1 Variation of the observation times
Figure 4.4 shows the primary data of the PFG NMR attenuation curves observed at
25◦C in a purely microporous sample of zeolite NaX (NaX-micro) and in a sample of
mesoporous NaX nanosheet assemblies (NaX-meso). None of the attenuation curves are
seen to follow, in the logarithmic scale, a single linearly decreasing function, as required
by eq. 3.1 for diﬀusion in an ideally homogeneous system. The represented attenuation
curves show a linear combination of two exponentials, which is mathematically described
by eq. 3.4. The ﬁrst fast decay, as described in section 3.3, is caused by those molecules
which did leave their individual crystals, representing the second term on the right-hand
side of eq. 3.4. The contribution of that ﬁrst fast decaying part to overall attenuation
is seen to increase with increasing observation time. This observation is in agreement
with the expected behavior, as the relative number of molecules leaving their crystals
(plong-range) must clearly be expected to increase with increasing observation time. The
second, more slowly decaying part, can be easily identiﬁed to correspond with the ﬁrst
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Figure 4.4: PFG NMR attenuation curves for cyclohexane at 100% micropore ﬁlling in
NaX-micro (a) and NaX-meso (b) for diﬀerent observation times (see insets) at 25◦C.
Explicitly indicated are the mean square displacements of intracrystalline/intraparticle
diﬀusion and the corresponding diﬀusivities resulting from eq. 2.8, which have been
determined from the slopes of the dashed lines for the shortest and largest observation
times [57].
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term on the right-hand side of eq. 3.4, referring to those molecules that, during the
observation time, have remained within the same crystal.
This second more slowly decaying part, in the chosen representation versus γ2δ2g2t,
is seen to remain essentially unchanged, within the limits of accuracy. The values of the
diﬀusivities and of the root mean square displacements determined from these slopes
by using eq. 3.1 and 2.8 for the shortest and largest observation times are shown in
the insets of ﬁg. 4.4. They refer to those molecules that, during the observation time,
did not leave their crystals. The diﬀusivities of about 10−12 m2s−1, as observed with
the purely microporous sample (NaX-micro, ﬁg. 4.4 a), are of the order of magnitude
as obtained in previous studies with cyclohexane in zeolite NaX [58]. The value of
about 0.5 µm for the mean displacement during the maximum observation time is
compatible with the ﬁnding that, during this time, a fraction 1-pintra of about 30% is
able to leave each individual crystal. The fact that the crystal diameters of about 3 µm
did notably exceed the root mean square displacements also explains why, given the
substantial scattering in the attenuation curves, any conﬁnement caused decrease in
the diﬀusivities with increasing observation time [5961] remains unobservable.
In the PFG NMR attenuation data for cyclohexane in NaX-meso, shown in ﬁg. 4.4
(b), the slope of the second decay is seen to be signiﬁcantly enhanced in comparison with
NaX-micro, giving rise to intraparticle diﬀusivities increased by a factor of about ﬁve.
It can be noted that the displacements exceed the thickness of the nanosheets (about
50 nm) signiﬁcantly, so that the trajectories of the cyclohexane molecules through the
nanosheet assemblies may be concluded to consist of displacements alternating between
micro-, meso-, and macropores. Assuming that the mean lifetimes spent by the diﬀusing
molecules within each individual type of pore space (before entering the next one) is
much smaller than the observation time (fast exchange condition [4]), one might note
[62, 63]
Dintra = pmicroDmicro + pmesoDmeso + pmacroDmacro (4.1)
where pmicro(meso, macro) and Dmicro(meso, macro) denote the relative number of molecules
in the micro-, meso-, macropores and their diﬀusivities, respectively, as deﬁned, on the
basis of eq. 2.8, for the molecules in the respective pore spaces. Under the conditions of
complete micropore ﬁlling, as considered in our experiments, we know that pmeso and
pmacro are much smaller than pmicro, so that pmicro ≈ 1. As a ﬁrst-order approximation,
the diﬀusivities in the meso- and macropores can be represented by a Knudsen-type
relation [4, 21, 62]
Dmeso(macro) ≈
1
3
< υ > dmeso(macro) (4.2)
in which < υ > and dmeso(macro) denote the mean velocity of the molecules in the
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gas phase and the mean diameter of the meso- or macropores, respectively. As the
Knudsen diﬀusivity in the meso- and macropores exceeds the micropore diﬀusivities by
several orders of magnitude [29, 30, 64], its contribution to Dintra can exceed that of
Dmicro, irrespective of the fact that pmeso and pmacro are negligibly small in comparison
with pmicro. This becomes immediately apparent from comparison with the values of
Dmicro resulting from the representations in ﬁg. 4.4 (a) for the purely microporous
sample. Diﬀusion in zeolite NaX of hierarchical pore structure (NaX-meso) is thus seen
to notably exceed the diﬀusivity in microporous NaX [57].
4.4.2 Temperature variation
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Figure 4.5: PFG NMR attenuation curves for cyclohexane at 100% micropore-ﬁlling in
NaX-micro (squares) and NaX-meso (triangles) for diﬀerent temperatures (ﬁlled sym-
bols: 25◦C, open symbols: 60◦C) at an observation time of 10 ms. Also indicated are
the intracrystalline/intraparticle diﬀusivities resulting, using eq. 3.1, from the dashed
straight lines and estimates of the activation energies of diﬀusion, which follow from
the diﬀusivities at the two temperatures considered [57].
Evidence complementary to these model considerations was provided by supplementary
measurements at 60◦C. Figure 4.5 shows, for the chosen observation time of 10 ms, a
comparison of the PFG NMR attenuation plots of the samples under study at both
temperatures. Also indicated are the resulting diﬀusivities. By assuming an Arrhenius
dependency, D(T ) = D0exp(−EA/RT ), the measured diﬀusivities have been used to
estimate the respective activation energies EA of diﬀusion, which are also presented.
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Whereas in the purely microporous zeolite NaX the estimated activation energy is of
the order of the literature value 15.5 ± 2.5 kJ/mol [58] for intracrystalline diﬀusion in
zeolite NaX, the activation energy for the intraparticle diﬀusivities in the mesoporous
zeolite is much greater than this value. With eq. 4.2, the diﬀusivities Dmeso and
Dmacro only weakly depend on the temperature (namely with v ∝
√
T ), therefore,
the temperature dependence of the two further terms on the right-hand side of eq.
4.1, pmesoDmeso and pmacroDmacro, are seen to be dominated by pmeso and pmacro. In
PFG NMR measurements with closed sample tubes, as considered in these studies, the
relative population in the meso- and macropores scales with pressure, giving rise to a
temperature dependence with an activation energy of the order of the isosteric heat
of adsorption. From the literature, the heat of adsorption of cyclohexane in NaX is
known to take values of the order of 60 ± 5 kJ/mol [64]. The activation energies of
Dintra of cyclohexane in NaX-meso, being intermediate between the heat of diﬀusion in
the micropores and the heat of adsorption, are thus seen to provide additional evidence
that the terms pmesoDmeso and pmacroDmacro, appearing on the right-hand side of eq.
4.1, do in fact contribute to the overall diﬀusivity Dintra [57].
4.5 Results and conclusions
PFG NMR diﬀusion measurements with cyclohexane in zeolite NaX were performed
for evidencing transport enhancement in samples with a hierarchical pore structure
(particularly in assemblies of mesoporous NaX nanosheets), which were compared with
purely microporous samples. Transport enhancement is found to be further intensiﬁed
with increasing temperature. This behavior is the immediate consequence of the increase
of the fraction of molecules in the meso- and macropores with increasing temperature.
It is important to note that the diﬀusivities of saturated hydrocarbons in the micropores
of zeolite NaX are known to decrease by up to two orders of magnitude with increasing
concentration [58, 65, 66]. For attaining the utmost eﬀect of transport enhancement, the
experiments of this study have, therefore, been performed with guest loadings suﬃcient
to saturate the micropores, leaving, however, the meso- and macropores essentially
unoccupied, with only the gas phase present [57].
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complementary pore spaces
Porous glass can be produced in large quantities with pore sizes varying from 0.4 up
to 1000 nm, with speciﬁc surface area up to 500 m2g−1 and pore volume varying from
0.4 cm3g−1 up to 1.1 cm3g−1, respectively [67]. The porous glass can be realized
in many diﬀerent geometric shapes and they exhibit high mechanical, thermal and
chemical stabilities. By varying the pore surface chemistry, a wide array of applications
are possible, e.g. gas separation or catalysis processes, which make them usable in
diﬀerent areas such as industry, medicine, pharmacy and biotechnology [68].
The porous glass samples can be also used as templates for producing a negative
copy of their pore system. For accomplishing such treatment, a precursor is ﬁlled in
the existing pore system and the glass structure gets removed. Thus, a negative copy
made of carbon is obtained. These replicas can be used for diﬀerent applications or for
a further treatment to produce hierarchical pore systems [67, 69].
In this study, the diﬀusion behavior in glass samples with diﬀerent porosities and
their negative carbon replicas have been studied. The intention for these experiments
with fully loaded pore spaces was to establish in what extent the diﬀusion in a the
pore system is correlated with the diﬀusion in the complementary one. Besides diﬀu-
sion experiments covering the whole pore space, also surface diﬀusion experiments were
performed, in which the liquid was allowed to diﬀuse only along the pore walls. The
results obtained experimentally were compared to the data of dynamic Monte Carlo
simulations [70, 71].
49
Chapter 5. Diﬀusion measurements in complementary pore spaces
5.1 Material under study
Production of porous glass
The controlled pore glasses (CPGs) were synthesized according to the VYCOR-Process
[72]. Therefore non-porous glass in a fraction of 100-200 µm with a composition of
62 wt.-% SiO2, 30 wt.-% B2O3, 7 wt.-% of Na2O and 1 wt.-% of Al2O3 was used to
synthesize porous materials with an average pore diameter of 60 nm while exhibiting
diﬀerent pore volumes.
First a controlled thermal treatment in the temperature range between 560◦C (for
the highest porosity) and 590◦C (for the lowest porosity) was carried out [67], for the
non-porous glass. If the initial glass composition is located in the miscibility gap of
the ternary SiO2-B2O3-Na2O glass system [67] during heating a phase separation into
silica- (SiO2) and sodium-rich borate phases (B2O3-Na2O) takes place (ﬁg. 5.2 a). Both
phases show diﬀerent resistances to water, mineral acids, or inorganic salt solutions.
The extraction of the sodium-rich borate phase (ﬁg. 5.2 b) is accomplished by using
aqueous 3 N HCl (hydrochloric acid) for 7h at 90◦C. The extraction step is followed
by a washing step with deionized water as well as a drying procedure at 120◦C. The so
received material shows a three-dimensional branched pore system (ﬁg. 5.1 a) with a
porosity of 54% in the silica-rich phase [73].
An optimal extraction is obtained if the initial glass composition in connection with
the thermal treatment is chosen such that the micro-phase separation of the two phases
results in two continuous phases, and not in a droplet-like, closed structure [7476].
For the fabrication of reproducible porous glass structures, the knowledge of the initial
glass composition as well as times and temperatures of the thermal treatment, which
control the phase separation and hence the pore volume and the pore diameter of the
resulting porous glass, are of importance. With increasing temperature or time of
the thermal treatment, the pore radius typically increases. Each of these parameters
can be substituted by the other one, which means generally that the same results in
phase separation can be obtained by high temperature and short treatment time or low
temperature and long treatment time [19].
The fabrication of porous glasses of large porosity did include, as a second step,
extensive alkaline treatment with aqueous sodium hydroxide solution (NaOH) [77, 78]
which results in an essentially homogeneous widening of the pore space (ﬁg. 5.2 c and
d). This treatment was done with 0.5 NaOH with 1:8 solid/liquid ratio for 1.5 h for the
lowest porosity and with 1:15 solid/liquid ratio for 7h for the highest porosity. Every
extraction step included several washing steps with deionized water as well as a drying
procedure at 120◦C.
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200 nm 200 µm
a) b)
Figure 5.1: SEM images of a porous glass (a) and carbon (b) sample at diﬀerent reso-
lution, with a diameter of the particles between 100-200 µm [79].
c)
d)
a) b) c)
d) e) f)
Figure 5.2: Schematic picture of the production of porous glass and their negative
carbon copy. First, phase separation into a silica (SiO2) and sodium-rich borate phase
(B2O3-Na2O) takes place (a). After removing the sodium-rich borate phase by using
hydrochloric acid (b) a pore widening by using a sodium hydroxide solution [77, 78] is
performed (c, d). For obtaining a negative copy of the porous glass, a precursor [67] is
ﬁlled into the pore space of the porous glass (e), with the glass phase being removed in
the last step by using a sodium hydroxide solution (f).
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Production of porous carbon using porous glass as a template
For the production of the porous carbon samples (ﬁg. 5.1 b) porous glass was used as a
template, so that the pore structure of the porous glass was replicated and a negative
copy of the pore system was obtained. The precursor, in that case a physically grinded
mesophase pitch (Mitsubishi Gas Chemicals) [67, 69], which is solid at room temper-
ature, and the porous glass samples were placed into a tube furnace under nitrogen
atmosphere. The pore system was inﬁltrated by the mesophase carbon precursor due
to capillary ﬂow at 325◦C for 8h followed by a carbonization step at 700◦C for 16h (ﬁg.
5.2 e) [76]. Carbon was used because of its simple synthesis and stability. As soon as
the carbon matrix was formed, the exotemplate was removed by a 4 N NaOH solution
at 70◦C [69, 76], as shown in ﬁg. 5.2 (f). The carbon samples were afterwards washed
with deionized water and dried at 120◦C.
5.2 Diﬀusion measurements in porous glasses and their
negative carbon copies
The diﬀusion experiments in porous glass samples and their negative copies with dif-
ferent porosities have been performed with the 13-interval pulse sequence (see section
2.5.2) for reducing the inﬂuence of internal ﬁeld gradients. Sample activation was ac-
complished with heating rates of 20 K/h up to 200◦C for the porous glasses and of 10
K/h up to 100◦C for the carbon replicas, under continued evacuation. The mean error
of the experimentally determined diﬀusivities, if not indicated otherwise, is of the order
of 20%.
For a deeper understanding of diﬀusion processes in complementary pore spaces and
for in-depth analysis of the experimental results obtained, dynamic Monte Carlo studies
in pore systems have been performed resembling those used in the experiments.
5.2.1 Diﬀusion measurements
Figure 5.3 shows the diﬀusion attenuation curves for a porous glass sample with a
porosity of 68% (a) and its negative carbon copy with a porosity of 32% (b), in either
case with a pore ﬁlling of about 90%.
For both samples and for all observation times, the signal attenuation curve is seen
to consist of two parts, a ﬁrst steep decay followed by an essentially exponential one.
The contribution of the ﬁrst, steep decay to the overall attenuation curve increases
with the observation time. It is easily attributed, therefore, to these molecules, which
left their individual particle during the observation time t (see section 3.3). Periods of
migration through the inter-particle space lead to an enhanced diﬀusivity and, thus, to
the steeper decay observed in the beginning of the attenuation curves. The occurrence of
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Figure 5.3: PFG NMR signal attenuation curves of cyclohexane at a pore ﬁlling of 90%
in porous glass (a) and its negative carbon copy (b), with porosities of 68% and 32%
at room temperature for diﬀerent observation times as indicated in the insets.
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Figure 5.4: Normalized diﬀusivities of cyclohexane at a pore ﬁlling of 90%, measured at
room temperature with an observation time of 20 ms. The open symbols represent the
diﬀusivity in the porous glass samples (54% (diamond), 62% (triangle), 67% (circle) and
68% (square)), the ﬁlled ones the diﬀusivity in the complementary space. The data point
at a porosity of 1 represents the value measured for the free liquid (star). The straight
red line represent the best linear ﬁt for the received data points (a). Furthermore,
diﬀusion simulation have been done (b) [70]. The generation of the pore structure have
been based on two diﬀerent algorithms: the Cahn-Hilliard model (circles and squares)
and the Ising model (triangles). The straight dashed brown line represents the function
y=x and is plotted for a better comparison between measurements and simulations.
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the second slowly decaying part of the attenuation curve can be attributed to molecules
which, during the whole observation time, remained within one and the same host
particle (see section 3.3).
For the carbon samples, the second, slower decaying part and the respective diﬀu-
sion coeﬃcient is constant for all observation times. This is an indication of normal,
unrestricted diﬀusion. The indication of a decrease in the slopes with increasing ob-
servation time as appearing from ﬁg. 5.3 (a) may be easily referred to conﬁnement by
the ﬁnite size of the host particles. Molecular mean square displacements deviate under
such conditions from the behavior as predicted by (eq. 2.8) for diﬀusion in unrestricted
space and increase less than linearly with increasing observation time. Because of the
notable conﬁnement eﬀects, the measurements were performed with suﬃciently small
observation times (20 ms), for which the diﬀusivity decrease is minor. On the other
hand, the observation time chosen is long enough to yield mean square displacements
of about 5 µm (eq. 2.9). With these long displacements any inhomogeneities within
individual particles become eﬀectively averaged out.
Figure 5.4 (a) shows the thus obtained diﬀusion coeﬃcients, where the open symbols
represent the diﬀusivity in the porous glass samples and the ﬁlled ones the diﬀusivity
in the complementary space. The diﬀusion data have been normalized to the diﬀusion
coeﬃcient in the liquid bulk phase, which is represented by the data point at a poros-
ity of 1 (ﬁlled star). It provides a comparison of the diﬀusivities of all sample pairs
considered. It can be seen that the diﬀusivity in the sample of higher porosity notably
exceed the diﬀusivity in its counterpart accommodating the complementary pore space.
Decreasing porosities are accompanied with decreasing diﬀusivities. A deviation from
this rule is observed for the pair of samples with the two porosities (46% and 54%)
close together. Here, however, the diﬀerence between the diﬀusivities is comparable
with their uncertainty so that we consider this ﬁnding rather as an indication of the
limitation in data accuracy.
5.2.2 Monte Carlo simulations
Pore space simulation
According to the literature data, there are two commonly used numerical reconstruction
algorithms, which most closely reproduce structural organization of random porous
glasses. The ﬁrst one is based on the Ising spin model with long-range interactions
[80]. Because the driving mechanisms for the phase and spin state separations are
qualitatively identical, the structural resemblance of the emerging domains is taken
care of automatically. An alternative approach exploits the framework of the Cahn-
Hilliard model for spinodal decomposition, suggesting that the pore structure may be
obtained by special convolution of a random Gaussian ﬁeld [76]. The pore structures
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b)
a) b)
Figure 5.5: Two-dimensional cross-sections of the pore network obtained using the Ising
model (a) and the Cahn-Hilliard model (b). The dark and white regions represent two
complementary pore spaces with the porosities of 30% and 70%, respectively [70, 71].b)
a) b) c)
Figure 5.6: Three pore structures with the porosities of 36% (a), 49% (b), and 55% (c)
obtained from that of ﬁg. 5.5 (b) by enlarging the dark domains [70].
a)
d)
b) d)
a)
c)
Figure 5.7: Schematic picture of the pore system (white), generated by the Cahn-
Hilliard model, for the simulations measurement (a). For generating another system of
lower porosity, the following procedure was chosen: The pore space has been considered
to be ﬁlled by a liquid (b). Subsequently, that liquid phase (blue) has start to freeze
(purple), beginning from the exterior bulk phase, until a thin liquid layer on the pore
walls remains (c). Finally, the remaining liquid phase has been added to the solid matrix
(d).
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obtained in this way were shown to resemble closely those experimentally obtained for
the Vycor porous glass, a typical representative for the family of porous glasses obtained
in the spinodal decomposition process [81, 82]. Exactly these two models were used to
obtain computer models for Monte Carlo simulations of the diﬀusion processes.
All the simulation details may be found in [8082]. Typical unit cells have sizes of
400x400x400. After obtaining the initial, three-dimensional binary ﬁeld bearing infor-
mation about spatial distributions of the two phases and representing two complemen-
tary spaces, it was taken care to remove any closed, impermeable regions. In this way,
we made sure to avoid any artefacts related to restricted diﬀusion in enclosed regions.
Notably, during this cleaning step the real porosity could be slightly modiﬁed. All
simulation results will be shown as a function of the real porosities. Figure 5.5 shows
typical structures attained in this way, which have been used in our simulations.
Fabrication of porous glasses of large porosity did include, as a second step, extensive
alkaline treatment which results in an essentially homogeneous widening of the pore
space. For simulating the pore spaces of the thus modiﬁed materials we did, in analogy
with the fabrication procedure, start with pore spaces generated as just described.
Subsequently, as a second step, the solid phase was gradually and uniformly enlarged
by the procedure suggested in ref. [83]. In this approach, pore space variation is
simulated by following liquid-solid transitions in the pore space. Since the aﬃnity of
the liquid phase to the pore wall notably exceeds that of the solid phase [51], there
always remain one to two monolayers (in lattice site units) in the liquid state on the
pore surface. Converting these sites into pore walls allows for a uniform decrease of the
pore sizes and, correspondingly, to a uniform increase in the complementary pore space
(ﬁg. 5.7). Typical snapshots of the thus obtained structures are shown in ﬁg. 5.6.
Random walk in pore spaces
Figure 5.4 (b) shows the diﬀusivities at full loadings in the pore spaces constructed by
the procedures presented in the preceding paragraph. The diﬀusivities were calculated
on the basis of eq. 2.9 by following the trajectories of random walkers performing a
hopping motion on a lattice in either of two complementary pore spaces. For avoiding
conﬁnement eﬀects at the boundary of the simulation cells, periodic boundary condi-
tions have been applied. The diﬀusivities were obtained from the long-time asymptotes
of the mean square displacements, where they were found to grow linearly with the ob-
servation times. The diﬀusivities in ﬁg. 5.4 (b) are shown as a function of the porosity.
Most importantly, the thus determined diﬀusivities are found to follow similar trends,
independent of which of the two simulation procedures, Ising spin model (triangles) or
Cahn-Hilliard model (circles), has been employed for pore space generation. Starting
with values above around 30%, the porosity is seen to serve as an order-of-magnitude
estimate of the reduction of the diﬀusivity in comparison with diﬀusion in free space.
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Figure 5.4 (b) does also display simulation results for pore spaces created by adding
the above described second step of pore space generation, the process of pore widening
(or, correspondingly, of pore narrowing with the complementary pore space). The
resulting diﬀusivities (squares) are seen to follow the trend as predicted quite generally
for pore spaces generated by spinodal decomposition.
The prediction of the Monte Carlo simulations shows what have been seen already
from the measurements. The diﬀusivity in the sample of higher porosity notably exceed
the diﬀusivity in its counterpart accommodating the complementary pore space and
decreasing porosities are accompanied with decreasing diﬀusivities.
5.3 Loading dependence of pore space diﬀusivities
High guest concentrations did thus give rise to suﬃciently high signal intensities so
that PFG NMR diﬀusion measurements could be performed with both the porous glass
samples and their carbon replica. In a further series of experiments diﬀusivities in one
and the same host material were investigated with largely varying pore ﬁlling. Given
their much better measuring conditions, in this type of measurement we were conﬁned to
the use of the porous glass samples as a host material. The samples have been loaded
with n-heptane, which has been used as a guest liquid for the PFG NMR diﬀusion
measurement.
Diﬀusivities at varying temperature
Figure 5.8 shows the Arrhenius plots for the diﬀusivity of n-heptane in two glass samples
with porosities of 62% (a) and 68% (b), respectively, at an observation time of 20 ms.
The pore space of the glass samples has been ﬁlled to 100% (circles), 25% (triangles) and
5% (diamonds) with n-heptane. In the case of the carbon replicas, the signal intensity
has turned out to be too weak, particularly for the lower loadings, for a reasonable
analysis. The reason may lie in the surface properties, giving rise to diﬀerent interactions
of the guest molecules with the pore walls for the carbon samples with low loadings as
compared to the surface properties of the porous glass samples. That means quite
generally that the mobility of the guest molecules, which, for low loadings, is strongly
dictated by the surface property, is reduced as compared to the glass samples. This
may result in shorter transverse relaxation times T2 and, therefore, to weaker signal
intensities.
There is a general tendency that the pore space diﬀusivities follow the tempera-
ture dependence of the neat liquid, reduced by an essentially temperature independent
factor which increases with decreasing loading. For the lowest temperature -90◦C in
ﬁg. 5.8 it can be seen that the diﬀusion coeﬃcient decreases with decreasing loading.
This is easily explained by the fact that the thermal kinetic energy Ekin of the used
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Figure 5.8: Diﬀusivities of n-heptane, in glass samples with porosities of 62% (a) and
68% (b) at an observation time of 20 ms. The squares denote the diﬀusion coeﬃcient in
the liquid bulk phase of n-heptane. The circles, triangles and diamonds refer to ﬁlling
factors of 100%, 25%, and 5%.
guest molecules at this temperature is not high enough to overcome the characteristic
enthalpy of evaporation to leave the liquid phase. This means that diﬀusion of the guest
molecules, for low loadings, is controlled by diﬀusion in the liquid phase. This might
only occur along the pore walls, resulting thus in slower diﬀusivities as compared to
higher loadings.
With increasing temperature, also the kinetic energy increases, so that more and
more molecules are able to overcome the enthalpy of evaporation of the ﬂuid phase and
are now able to take part in diﬀusion in the gas phase of the pores. The diﬀusivities at
lowest loadings are therefore seen to exceed. At high enough temperatures, the diﬀu-
sivities at higher loadings and, eventually, even the diﬀusivity in the neat liquid. Such
a behavior is well known from the study of molecules in nanoporous host guest systems
and associated with the fact that the presence of free space between the individual
particles [84] or within the meso/macropores [85, 86] may give rise to dramatic diﬀu-
sivity enhancement. Analytically, the situation may be described by the fast exchange
relation [4, 87]
D = pliquidDliquid + pgasDgas (5.1)
with pliquid(gas) and Dliquid(gas) denoting the relative amount of molecules in the liq-
uid/adsorbed (gaseous) state and their diﬀusivities. Since Dgas (both for bulk or
Knudsen diﬀusion [4, 46]) exceeds Dliquid by orders-of-magnitude, the second term
of eq. 5.1 may notably exceed the ﬁrst one, irrespective of the fact that, in general
pgas << pliquid ≈ 1. Hence, an acceleration of diﬀusion may take place. This explains
the notably higher diﬀusion coeﬃcients for the lowest loading (5%) and the highest
temperature of 0◦C as compared to other loadings. For the loading of 25%, acceleration
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of diﬀusion is not clearly seen for the temperatures used, but, as revealed by ﬁg. 5.8, it
can take place at higher temperature.
Thus, with the experimental evidence provided by ﬁg. 5.8 and with eq. 5.1, pore
space diﬀusion from lowest up to intermediate loading is seen to be controlled by two
mechanisms, namely by mass transfer within the liquid and within the gaseous phases.
For performing surface diﬀusion experiments and for reasons of simplifying the dynamic
Monte Carlo simulations the complexity of that situation is notably released by measur-
ing at suﬃciently low temperatures. Together with the decreasing vapor pressure of the
liquid under study also pgas drops to arbitrarily small values so that the contribution of
the second term of eq. 5.1 to overall diﬀusion becomes negligibly small. Due to exactly
this reason, the diﬀusivity data shown in ﬁg. 5.9 have been determined at -90◦C.
Surface diﬀusion experiments
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d)
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Figure 5.9: Diﬀusivities of n-heptane at a temperature of -90◦C (a) and observation time
t = 20 ms. The diﬀusion coeﬃcients have been normalized by the diﬀusion coeﬃcient
of the liquid bulk phase of n-heptane. Figure (b) [71] shows the diﬀusion coeﬃcient
obtained in the Monte Carlo diﬀusion simulations plotted for diﬀerent loadings. The
solid lines represents the mean value. The porosities are indicated in the insets
The tortuosity of mass transfer in porous materials must be expected to vary with
the pore space available for the diﬀusion paths, notably depending on whether the
whole pore space is accessible or mass transfer has to occur along essentially the pore
surface only. For performing surface diﬀusion experiments the diﬀusion through the
gas phase (Knudsen-ﬂight diﬀusion) has to be excluded. Measurements have therefore
been carried out at a suﬃciently low temperature (-90◦C), where the thermal energy
Ekin of the guest molecules is not high enough to overcome the enthalpy of evaporation
to leave liquid phase. The measured diﬀusion coeﬃcient has been normalized by the
diﬀusion coeﬃcient of the liquid bulk phase, derived at a temperature of -90◦C (ﬁg.
5.8 a). Figure 5.9 (a) shows the diﬀusivities plotted as a function of the guest loading
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coeﬃcients measured at an observation time of 20 ms. The data refer to the glass
samples with porosities of 46%, 57% and 74%. The loading by n-heptane of the pore
spaces have been varied from 2.5% up to 100%.
The pore system used for the dynamic Monte Carlo simulations has been generated
by the Ising model [88] (section 5.2). The diﬀusion coeﬃcients obtained from the
dynamic Monte Carlo simulations for the pore systems with porosities of 40%, 50%,
60%, 70% and 80% are represented in ﬁg. 5.9 (b). In these simulations [71] diﬀusion
through the gas phase has been prohibited by treating the gaseous domains as solid
obstacles.
For the highest loading (100%) in ﬁg. 5.9 it can be seen that the the diﬀusion
coeﬃcients decrease with decreasing porosity, which is in agreement with the measure-
ments and dynamic Monte Carlo simulations in section 5.2 and ﬁg. 5.4. Furthermore
it can be observed that in all surface diﬀusion measurements as well as in the dynamic
Monte Carlo simulations (ﬁg. 5.9), decreasing loadings are seen to be accompanied by
decreasing diﬀusivities. This ﬁnding may be rationalized with the implication that the
tortuosity of the diﬀusion paths increases with an increasing conﬁnement to regions
close to the pore surface. The decrease in diﬀusivities with decreasing loading is found,
for the simulation, to be particularly pronounced for the samples of highest porosity
(60%, 70% and 80%). For these porosities the diﬀerences in the slopes are seen to
lead to mutual crossing points, indicating a reversal in the dependence of the diﬀu-
sivities on porosity. Such crossing points can also be recognized in the measurements.
They appear, here, at a much lower pore loading than in the dynamic Monte Carlo
simulation. The diﬀerences, between the simulation and measurements, may lie in a
diﬀerent character of the porosity generated by the Ising model in comparison with the
real samples. So that, in this respect, the simulations have to be considered as only a
quantitative guide for rationalizing the experimental results and complete conformity
cannot be expected.
However, the diﬀusion behavior of the measured samples of 46%, 57% and 74%
appear to agree reasonably well with the Monte Carlo simulation with a porosity of
40%, 50% and 60%.
5.4 Results and conclusion
The diﬀusion coeﬃcients in porous glass and their negative carbon replica with diﬀerent
porosity, where the pore space has been ﬁlled to 90% with cyclohexane, have been mea-
sured. For guiding and supporting the measurements, dynamic Monte Carlo simulation
were performed. For generating experimentally-relevant pore structures for the simu-
lations, two diﬀerent procedure have been used, the Ising model and the Cahn-Hilliard
model. The results obtained in the simulations using these two diﬀerent procedures,
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were found to be almost identical. They revealed that the diﬀusivities increase linearly
with increasing porosity, which is in accordance with the PFG NMR diﬀusion mea-
surements. The experimental data allow to conclude that predictions of the diﬀusion
coeﬃcients in the complementary pore system can be made on the basis of diﬀusion
properties in the pore space.
Besides the measurements of volumetric diﬀusivities, interface diﬀusion experiments
and dynamic Monte Carlo simulations have been accomplished. In such surface diﬀu-
sion experiments the molecules are only able to diﬀuse along the pore walls. The aim
was to learn more about the dependence of diﬀusion on the tortuosity of the pore walls
in porous glass samples with diﬀerent porosities for varying loading. It could be seen,
in both measurements and Monte Carlo simulations, that, for the higher loadings, the
diﬀusion coeﬃcient in materials with higher porosity exceeded the diﬀusivities in the
materials of lower porosity. Furthermore it can be observed that in all surface diﬀusion
measurements and dynamic Monte Carlo simulations, decreasing loadings are accompa-
nied by decreasing diﬀusivities. This ﬁnding may be rationalized with the implication
that the tortuosity of the diﬀusion paths increases with an increasing conﬁnement to
regions close to the pore surface. By comparing the experiments with the simulations,
it can be seen that the diﬀusion behavior in the measured samples appear to agree
reasonably well with the Monte Carlo simulation for the porosities of 40%, 50% and
60%. Furthermore it can be recognized that the diﬀusivities in complementary pore
spaces approach each other in the limit of small loadings. Exactly this, however, is the
expected behavior since in this limit diﬀusion occurs within essentially the same layer.
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Diﬀusion in binderless and
binder-containing X- and A-type
zeolites
To avoid pressure drop in their technical use, such as separation, chemical conversion
and thermal energy storage [19, 89, 90], nanoporous materials are usually required to
be applied as shaped particles such as beads or pellets. The used zeolites, which are
the most attractive host system for these types of application [9193], are commercially
produced as powders, which is used to form larger compounds. For the conventional
production of shaped beads or pellets an inorganic (e.g., mineral) binder has to be added,
because of a smaller binding capacity of the zeolite powder. The presence of that binder
reduces the possible amount of active species used for the technical application. For that
reason it has been tried, recently, to focus on the production of binderless monolithic
zeolite species [9498].
In a ﬁrst study [99] water and n-hexane have been used as probe molecules for
exploring the diﬀusion behavior in binderless NaMSX (sodium medium silicon zeolite
X) beads in comparison with the zeolite powder employed for their production. The
particular interest in this investigation was to ﬁnd out up to which extent the diﬀusion
patterns observed with the powder samples could again be recognized in the beads and
which new features of mass transfer did emerge.
In a second study [100] the transport characteristics of water molecules within
binderless molecular sieves of zeolite type NaMSX [98] and 4A have been investigated,
with the purpose to reveal diﬀerences in the diﬀusion behavior of the micro- and macro-
pores in comparison with their binder-containing counterparts [98, 101].
The diﬀusion measurements have been done by using PFG NMR, where the observed
diﬀusion path lengths can be varied from distances far below up to much larger than
the crystal diameter. In this way, transport resistances in the interior of the individual
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crystallite (i.e., in general, the diﬀusion resistance of the genuine pore network), and/or
surface barriers [102104] of the zeolite structure can be revealed, which often deviate
dramatically from the ideal textbook patterns.
6.1 Material under study
Binder-containing molecular sieves
To produce conventional, binder-containing molecular sieves, zeolite powder and an
inorganic binder, e.g. attapulgite or bentonite [105], are mixed together, by addition
of water, shaped and, under thermal treatment, hardened and activated. Due to the
inert binder, in binder-containing molecular sieves, the static water adsorption capacity
is reduced by the amount of that binder [105].
Binderless molecular sieves
For the manufacturing of binderless 4A molecular sieves, metakaolin (used as a tem-
porary binder) zeolite powder and sodium hydroxide solution (NaOH), were mixed
together. In case of the binderless NaMSX (medium silicon zeolite X) molecular sieves,
sodium silicate (Na2SiO3) was added to the mentioned mixture. After a granulation
step a chemical conversion of the non-zeolitic compounds into the requested zeolite type
4A or NaMSX, by a sodium hydroxide and sodium aluminate (NaAlO2) solution, take
place [98, 105]. The so manufactured zeolite beads form a network with the crystallites
of the zeolite powder held together by zeolite bridges of the same type of zeolite. They
reveal static adsorption capacities which coincide, essentially, with those of the starting
zeolite powder.
As a result of the metakaolin conversion, two diﬀerent zeolite morphologies are
formed in the beads. In the outer shell typical octahedral crystals are monitored. They
are expected to be formed by epitaxial growth. The interior exhibits a notably diﬀerent
structure since here, due to the high energy used in the granulation process the source
material is so much compressed that there exists no space, which would allow epitaxial
growth as seen for the outer shell. Here polycrystalline matter grows into the voids
between the NaX crystals of the starting powder and connects them to a mechanically
stable composite.
This is an important improvement in comparison with conventional zeolite molec-
ular sieves where the adsorption capacity is known to be reduced by the amount of
binder [105].
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6.2 Diﬀusion of n-hexane in zeolite powder and binderless
NaX zeolites
6.2.1 n-Hexane in NaX zeolite powder
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Figure 6.1: PFG NMR attenuation curves for n-hexane in NaX powder at loadings of
(a) 100, (b) 141, (c) 200 and (d) 250 mg/g for diﬀerent observation times as indicated
in the insets [99].
Figure 6.1 represents the measured signal attenuation curves of n-hexane, used as guest
molecules, in NaX zeolite powder samples, with a mean diameter of the individual
crystals of about 3 µm, at diﬀerent observation times, for four diﬀerent loadings. A
ﬁrst fast decay of the signal intensity, except for the lowest concentration (ﬁg. 6.1 a),
followed by an essentially exponential decay (section 3.3 and eq. 3.4), is recognizable
and can be rationalized with results of previous diﬀusion measurements with n-alkanes
in beds of zeolites [23, 58, 106]. The second, slower decaying exponential, represents
the diﬀusion of n-hexane within the crystals and is known, by following the type-(i)
concentration dependence, to decrease monotonously with increasing loading. With
an increase of loading, simultaneously the amount of particles for long-range diﬀusion
increase. This may be explained by realizing that the long-range diﬀusivity can be
represented as:
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Dlong-range = pinterDinter (6.1)
where pinter denotes the relative amount of molecules and Dinter the diﬀusivity in the
intercrystalline space. For Langmuir-type isotherms, the increase in loading, especially
close to saturation, is accompanied by an increase in the gas phase pressure, which
leads to an increase in pinter and, by considering eq. 6.1, to an increase of the long-
range diﬀusivity.
For the sample with the lowest amount of guest molecules (ﬁg. 6.1 a), a fast ﬁrst
decay is not recognized and the received diﬀusion coeﬃcients can be attributed to
the intracrystalline diﬀusivity. This observation indicates that the guest molecules
are conﬁned to the interior of the individual crystals and an exchange of molecules,
which would appear in a ﬁrst fast decay, with the surrounding void space does not
take place. For the other loadings (ﬁg. 6.1 b-d) long-range diﬀusion seems to be fast
enough and molecules are now able to leave the individual crystals, giving rise to a
ﬁrst fast decay. That ﬁrst fast decay is seen to increase with increasing observation
time. Furthermore it can be observed that the amount of particles leaving the crystals
as well as the intracrystalline diﬀusivity decrease with increasing loading. Both facts
may be explained by the concentration dependence of the intracrystalline diﬀusivity of
n-hexane in NaX zeolite. As a consequence of the decrease in diﬀusivity with increasing
loading the relative amount of molecules that, during the observation time, is able to
get to the crystal boundary (eq. 2.9) and, hence, into the intercrystalline (void) space
has to decrease.
Figure 6.2 represents the intracrystalline diﬀusivities, which were derived from the
second slower decaying exponential part of the PFG NMR signal attenuation curves
(straight dotted lines in ﬁg 6.1 a-d), at diﬀerent observation times.
For particle diﬀusion restricted to a sphere of radius R, the limiting values of the
eﬀective intracrystalline diﬀusivity, may be shown to obey the relation [23, 107]
lim
t→∞Deﬀ = Drest =
R2
5t
(6.2)
The restricted diﬀusion determined from eq. 6.2, by using R = 3 µm as an estimate
for the mean diameter of the crystal size of the zeolite powder, is represented in ﬁg.
6.2 by the diagonal decreasing line. It can be seen that the value Drest used as the
maximum value for the eﬀective diﬀusivity under conﬁnement is seen to notably exceed
the measured values. As expected, the samples with the lowest loading possess a higher
diﬀusion coeﬃcient as those of the remaining samples. Accordingly, it can be observed,
that the diﬀusivities of the guest molecules decrease with increasing observation times,
corresponding to the increasing eﬀect of conﬁnement by the crystal boundary. For the
higher loaded samples the decrease of diﬀusion with increasing observation time is less
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expressed as a consequence of the lower diﬀusivities. Furthermore it can be recognized
that the accuracy of the measurements for the higher loading is not suﬃcient enough
to reveal a clearly noticeable diﬀerence in the absolute values of the diﬀusivities.
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Figure 6.2: The eﬀective intracrystalline diﬀusivities of n-hexane in NaX powder sam-
ples as a function of the observation time for diﬀerent concentrations (see insets). The
straight line indicates the maximum value for the eﬀective intracrystalline diﬀusivity as
provided by eq. 6.2, implying a mean radius of 3 µm for the region of conﬁnement [99].
6.2.2 n-Hexane in binderless NaX beads
Figure 6.3 shows the measured signal attenuation curves for n-hexane in beads of NaX
molecular sieves. Here a stronger deviation from the single-exponential patterns in
comparison with the measured powder samples (ﬁg. 6.1) can be recognized. The more
pronounced deviation can be referred to an increase in the sample heterogeneity, in-
cluding the diﬀerences in the structure between the bead boundaries and centers (see
section 6.1 and [105]). Furthermore, it can be seen that no ﬁrst fast decay in compar-
ison with the measurements of n-hexane in powder (ﬁg. 6.1 b-d) can be determined.
This indicates that the molecules do not diﬀuse anymore at suﬃciently large rates over
distances much larger than the individual crystal size. That diﬀerence can be under-
stood by the fact that the diﬀusion through the void space within the beads is reduced
in comparison with the more open intercrystalline space within the bed of the powder
sample, which leads to a decrease of Dinter (due to the reduced mean free path lengths
of diﬀusion) and pinter (due to the decreased void fraction) and hence, with eq. 6.1, of
Dlong-range.
Figure 6.4 provides the eﬀective diﬀusivities, at diﬀerent observation times, where
the diﬀusivities were determined from the ﬁrst slope of the PFG NMR attenuation
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Figure 6.3: PFG NMR attenuation curves for n-hexane in NaX bead samples at loadings
of (a) 100, (b) 142, (c) 200 and (d) 250 mg/g for diﬀerent observation times as indicated
in the insets [99].
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Figure 6.4: The eﬀective diﬀusivities of n-hexane in the micropores of NaX bead samples
as a function of the observation time for diﬀerent concentrations (see insets). The
straight line indicates the maximum value for the eﬀective intracrystalline diﬀusivity as
provided by eq. 6.2, implying a mean radius of 3 µm for the region of conﬁnement [99].
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curves (straight dotted lines) in ﬁg. 6.3, which are considered as the mean diﬀusivity
(section 3.3). Equation 6.2 plotted in ﬁg. 6.2, used as an upper limit for the intracrys-
talline eﬀective diﬀusivities, cannot serve anymore as such a limit, as can seen in ﬁg.
6.4. That is even more recognizable by using eq. 2.9, for the largest observation time,
where a mean molecular displacements of about 10 µm is determined, which clearly
exceeds the individual crystal size of about 3 µm. Thus the crystal boundaries cannot
be expected to serve anymore as a transport resistance for n-hexane, at least with the
considered loadings at a temperature of 24◦C. The probability of notably larger un-
interrupted displacements within the beads increases. Additionally does the relevance
of mass transfer through the void space, which gives rise to the fast ﬁrst decay in the
attenuation plots, decrease [99].
6.3 Diﬀusion of water in zeolite powder and binderless NaX
zeolites
6.3.1 Water in NaX powder
Figure 6.5 represents the PFG NMR attenuation curves of water in NaX powder. For
the sample with the lowest loading (ﬁg. 6.5 a), the signal attenuation curves follow
a mono-exponential decay. The attenuation curves and their diﬀusion coeﬃcient D,
for the lowest loading, are seen to remain constant over an observation time from 5 to
100 ms. This implies normal unrestricted diﬀusivity.
The observed behavior is in contrast compared to the measurements, for the lowest
loadings (ﬁg. 6.1 a), of n-hexane in NaX powder. It may be explained, however, by the
smaller diﬀusion coeﬃcient which leads, with (eq. 2.9), to notably smaller molecular
displacements. Furthermore it can be seen, for the higher loading of water in NaX
powder (ﬁg. 6.5 b and c), that the slope of the PFG NMR attenuation curves increases
rather than to decrease, with increasing observation time. That observed attenuation
pattern cannot be referred to diﬀusion within the crystal, where the intracrystalline
diﬀusion is known to remain constant (as seen for the smallest loading) or to decrease,
as an eﬀect of the restriction, depending on the crystal boundaries, with increasing
diﬀusion path lengths (see section 6.2.1 and ﬁg. 6.2). Thus, the eﬀective diﬀusivity,
which is received from the ﬁrst part of the attenuation curves (straight dashed lines)
cannot be referred only to intracrystalline diﬀusion but rather to a combination of
intracrystalline and inter/long-range diﬀusion.
For the measurements with n-hexane the ﬁrst steep decay was classiﬁed as the long-
range diﬀusion and the second less steep decay as intracrystalline diﬀusion (ﬁg. 6.1 b-d),
where the intracrystalline diﬀusion could be identiﬁed through the observed decrease of
the diﬀusion coeﬃcient with increasing loading. The water diﬀusivities, in NaX zeolites,
are known to increase rather than to decrease with increasing concentration [23, 108
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110], by considering the type-(iii) pattern of concentration dependence [23, 107]. As a
consequence, the transition between the regimes of long-range (ﬁrst steep parts in ﬁg.
6.5 b and c) and intracrystalline diﬀusion, for the water diﬀusion in NaX zeolites can be
recognized to be notably softer. The eﬀective diﬀusion coeﬃcients determined from ﬁg.
6.5 (a-c) via eq. 3.1 are approached by straight lines and plotted in ﬁg. 6.5 (d). Thus, for
the samples with higher loading, the eﬀective coeﬃcients of the intracrystalline diﬀusion
and therefore the molecular displacement, are seen to be conﬁned to the crystal size,
as required. The conﬁnement appears in the decrease of the eﬀective diﬀusivities with
increasing observation time, following the requirement of being exceeded by the value of
Drest. (eq. 6.2). The intersection between the water diﬀusivities, at the smallest loading,
and Drest. is most likely caused by a contribution of long-range diﬀusion that here,
unlike the situation for the higher loadings, cannot be eliminated without substantial
arbitrariness.
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Figure 6.5: PFG NMR attenuation curves for water in NaX powder samples at loadings
of (a) 150, (b) 212 and (c) 300 mg/g for diﬀerent observation times as indicated in the
insets. The eﬀective intracrystalline diﬀusivities (ﬁlled symbols) and long-range diﬀu-
sivities (open symbols) of water in NaX powder samples as a function of the observation
time for diﬀerent concentrations (see insets) are represented in (d). The straight line
indicates the maximum value for the eﬀective intracrystalline diﬀusivity as provided by
eq. 6.2, implying a mean radius of 3 µm for the region of conﬁnement [99].
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6.3.2 Water in binderless NaX beads
0 1x10
10
2x10
10
3x10
10
4x10
10
0,1
1




g
2
t / sm
-2

/
0
   5 ms
  20 ms
  80 ms
0 1x10
10
2x10
10
3x10
10
4x10
10
0,1
1




g
2
t / sm
-2

/
0
   5 ms
  40 ms
 100 ms
a)
c)
b)
d)
0,01 0,1
1E-11
1E-10
1E-9
(3E-6)
2
/(5*t)
D
/
m
2
s
-1
 150 mg/g 
 213 mg/g 
 300 mg/g 
t / s
0 1x10
10
2x10
10
3x10
10
4x10
10
0,1
1




g
2
t / sm
-2

/
0
  10 ms
  20 ms
  40 ms
  80 ms
0,01 0,1
1E-11
1E-10
R
2
/5t
D
/
m
2
s
-1
 150 mg/g 
 213 mg/g 
 300 mg/g 
t / s
Figure 6.6: PFG NMR attenuation curves for water in NaX bead samples at loadings of
(a) 150, (b) 213 and (c) 300 mg g−1 for diﬀerent observation times as indicated in the
insets. The eﬀective intracrystalline diﬀusivities of water in the micropores of NaX bead
samples as a function of the observation time for diﬀerent concentrations (see insets)
are represented in (d). The straight line indicates the maximum value for the eﬀective
intracrystalline diﬀusivity as provided by eq. 6.2, implying a mean radius of 3 µm for
the region of conﬁnement [99].
Figure 6.6 (a-c) represents the PFG NMR attenuation curves of water in NaX beads.
All samples show a mono-exponential decay, revealing the pattern of normal diﬀusion.
A ﬁrst fast decay, caused by diﬀusion of the guest molecules through the void space
within the beads of NaX, is not recognizable. This is not unexpected in view of the
measurements of n-hexane in beads (section 6.2.2), where a ﬁrst fast decay did also not
appear.
The diﬀusion coeﬃcients determined from the attenuation curves (ﬁg. 6.6 a-c) at
diﬀerent observation times are plotted in ﬁg. 6.6 (d). They are found to be subjected to
similar pattern of conﬁnement, as seen for the measurements of n-hexane in the powder
samples (ﬁg. 6.2). This is in contrast with the measurement of n-hexane in beads,
where the guest molecules are seen to cover distances notable exceeding the size of the
individual crystallites (ﬁg. 6.4). For the measurements with water the molecules are
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seen to be conﬁned to regions of the size of the individual crystals. Such a diﬀerent
behavior, compared to the measurements with n-hexane in beads, is not unexpected
since mass transfer in a given porous material is determined by the guest molecule
as well as by the considered concentrations and temperatures. How dramatically the
impact of long-range diﬀusion on overall mass transfer may vary, becomes immediately
visible with eq. 6.1. Likewise, it can be seen for the overall mass transfer on the
intracrystalline transport barriers in zeolites of type MFI [111, 112] and NaX [113117],
which also depend on the type of guest molecule, loading and temperature. For all
measurements it can be recognized, in general, that long-range diﬀusion is accelerated
with increasing temperature.
Diﬀusion enhancement in the beads, with increasing temperature, is generally caused
by the increasing impact of diﬀusion in the void space. The temperature dependence
of the long-range diﬀusivity is seen, by applying Knudsen-type intercrystalline diﬀusion
and consideration of eq. 6.1 determined through pinter and the activation energy, which
in that case, is of the order of the heat of adsorption. Since the activation energy
of intracrystalline diﬀusion is, generally, exceeded by the heat of adsorption [23, 118],
so that mass transfer through the void space becomes more and more important with
increasing temperature. The activation energy of diﬀusion through the genuine pore
space may be as well notably exceeded by the activation energy for permeating transport
resistances due to planes of reduced permeability, traversing the micropore bulk phase.
As a consequence, such resistance become less inﬂuential with increasing temperature
[104, 111, 112, 119].
As a result of this study, it can be seen that the mean displacements of n-hexane
within the beads notably exceed the size of the individual crystal (ﬁg. 6.4), while the
water molecules and their mean displacement (ﬁg. 6.6 d) are conﬁned to the crystal size.
Thereby mass transfer from one crystal to an adjacent one, which can be recognized
as long-range diﬀusion within the beads, may proceed by diﬀusion via both the zeolite
bridges formed during the bead manufacturing process and the remaining voids, which
is related to the long-range diﬀusivity (eq. 6.1). The diﬀerence between the ﬁrst fast
decay of the PFG NMR attenuation plots (ﬁg. 6.1 b-d) and the slope of the remaining
part indicates that intracrystalline diﬀusion of n-hexane is signiﬁcantly exceeded by
long-range diﬀusion. The observation that, within the beads, water diﬀusion remains
essentially conﬁned to regions of the size of the crystallites of the starting material may
therefore be taken as an indication that mass transfer through the void space is still of
relevance for the overall transport properties of the beads [99].
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6.4 Transport enhancement in binderless X- and A-type
molecular sieves
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Figure 6.7: SEM images of the interior of the samples under study showing binder-
containing 4A (a), NaMSX (c) and binderless 4A (b), NaMSX (d) zeolite beads [100].
The (arbitrarily) chosen areas marked with broken lines (7 µm × 7 µm) reappear in
ﬁg. 6.10, where they may serve as a standard for correlating the recorded molecular
displacements with the spatial dimensions of the host systems under study.
Table 6.1: Static adsorption capacities for water and diﬀusion-relevant porosity data of
zeolite specimens under study [100].
4A NaMSX
Binder Binderless Binder Binderless
containing containing
Water adsorption
capacity at 25◦C, 22.3 25 25.5 30.5
relative humidity (wt%)
Total macroporosity (%) 30.9 30.6 31.1 26.4
Average macropore 0.13 0.61 0.21 0.5
diameter (µm)
In these measurements the diﬀusion of water in two species of binderless molecular sieves
of type NaA and NaMSX [98] in comparison with the water diﬀusivities in conventional,
binder-containing molecular sieves produced with the same zeolite type have been in-
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vestigated. Figure 6.7 represents the SEM images of the measured samples, showing
their appearance as crystallites held together by bridges which consist, in the case of the
binderless species, as well of zeolitic structure as revealed by X-ray diﬀraction and gas
adsorption showing adsorption capacity nearly identical to that of the native zeolites
[98, 105]. The dashed squares appearing in ﬁg. 6.7 represent a standard comparing the
measured molecular displacements with the structural details of the molecular sieves
(ﬁg. 6.10).
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Figure 6.8: PFG NMR signal attenuation curves observed for water, for diﬀerent ob-
servation times at 80◦C in a binder-containing (a) and binderless (b) NaMSX type
molecular sieve [100].
Figure 6.8 represents the PFG NMR signal attenuation curves measured at a tem-
perature of 80◦C a binder-containing (a) and binderless (b) NaMSX zeolite at diﬀerent
diﬀusion times. The slope of the signal attenuation curves is for the binderless sample,
at identical observations times, much more pronounced than in the binder-containing
sample, which implies with eq. 2.37 a higher diﬀusion coeﬃcient and, correspondingly a
larger molecular displacement. Furthermore it can be observed that the slope of the ﬁrst
part of the attenuation curves, determining the eﬀective diﬀusivities, remains essentially
unaﬀected by the observation times, for the binderless sample. These independence of
time indicates that in this case genuine long-range diﬀusion, i.e., this process which de-
termines about the exchange rate between the molecular sieves and their surroundings,
is recorded.
For the binder-containing samples the slope of the attenuation curve in ﬁg. 6.8 (a)
can be seen to decrease with increasing observation time indicating the existence of a
transport resistance and, therefore restriction of the molecular displacement within a
conﬁning region.
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Figure 6.9: Arrhenius plots of the eﬀective diﬀusivities of water in the binder-containing
(ﬁlled symbols) and binderless (open symbols) specimens of 4A (squares)- and NaMSX
(circles) type molecular sieves at half saturation. Large symbols represent the data
points determined for an observation time of t=10 ms. The (in general modest) variation
of the diﬀusivities with varying observation time is indicated by the bars, with their
upper and lower ends indicating the diﬀusivities for the smallest (t=3 ms) and largest
(t=30 ms) observation times, respectively. The uncertainty in the eﬀective activation
energies takes account of both the uncertainty in the measurement (represented by the
size of the symbols) and the variation of the diﬀusivities with the observation time
(bars) [100].
Figure 6.9 represents the measured diﬀusion coeﬃcient, determined at an observa-
tion time of 10 ms (large symbols), in an Arrhenius plot. The straight lines through
the data points in ﬁg. 6.9, yield an apparent activation energy Eapp, received by ap-
proaching the temperature dependence of the eﬀective diﬀusivities by a linear Arrhenius
plot:
D(T )eﬀ = D0exp(−Eapp/RT ) (6.3)
The uncertainty in the activation energies takes account of the uncertainty in the dif-
fusivity data. The obtained activation energies are located between the activation
energies of the intracrystalline diﬀusion, which is in case of water diﬀusion in the zeo-
lite NaMSX EDiﬀ-intra ∼ 20 kJ mol−1 [108, 120] and the (isosteric) heat of adsorption
Eiso = 60− 70 kJ mol−1 [64, 91, 121]. Within the closed NMR sample tubes, under the
conditions of gas phase adsorption (i.e., for pinter  1), the relative amount of molecules
in the intercrystalline space is seen to follow the Boltzmann relation:
pinter ≈ exp(−Eiso/RT ) (6.4)
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Under the conditions of Knudsen diﬀusion, implied for diﬀusion in the intercrystalline
space [4, 64], within the beads:
Dinter =
2
3
υR (6.5)
where υ and R denote the mean thermal velocity and the mean pore radius, respectively.
With eq. 6.1 the temperature dependence of Dlong-range is seen to be essentially given
by that of pinter. Thus Eiso can be considered as a good measure of the activation
energy of long-range diﬀusion, if long-range mass transfer is only possible via periods
of mass transfer through the free space between the individual crystallites. With the
fact that the measured activation energies are located between the activation energy
of the intracrystalline diﬀusion and the heat of adsorption one has to conclude [29, 63]
that there exist two types of molecular diﬀusion, one where the molecules interchange
between the intra- and intercrystalline spaces and a second one where the molecules
move only in the solid phase within the crystal and their interconnection by zeolite
bridges.
For a facilitating the discussion of the diﬀusion data, ﬁg. 6.10 correlates the spatial
dimension and the diﬀusion path length. Here the SEM images of the diﬀerent samples
(left-hand side, regions marked in ﬁg. 6.7 by the broken lines) are shown in the same
scale as the root mean square displacements of water obtained for diﬀerent diﬀusion
times on the right-hand side.
The molecular displacements plotted on the right side of ﬁg. 6.10 are average values
taken over all water molecules within the sample. No notable deviations from the
linear dependency is observed for the molecular displacements plotted versus time.
This indicates the constancy of the diﬀusivities upon variation of the observation time.
For mean diﬀusion path lengths smaller than the crystal diameters, only a relatively
small fraction of molecules are able to leave the individual crystal for entering the
intercrystalline space. That situation should change with increasing observation time
and, hence, with increasing molecular path length. Now a notably larger fraction of
molecules should be able to leave the micropore space. A notable increase in the overall
diﬀusivities is not observed and can be attributed to conﬁnement eﬀects within both
the individual zeolite particles and the inter-particle space.
The diﬀusion coeﬃcient, and therefore the mean molecular displacements, of water
in the binderless molecular sieves represented in ﬁg. 6.10 (b) and (d) are seen to notably
exceed those in the binder-containing beads ﬁg. 6.10 (a) and (c). The diﬀerence in
the diﬀusion path length can be seen to become even larger for higher temperatures
and in both of the binderless beads molecular propagation is seen to have attained
already the stage of normal diﬀusion, exceeding notably the individual crystal size.
For the binder-containing specimens, with a less than linear increase, the diﬀusion path
displacements are seen to be not yet long enough to cover all resistances which they have
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Figure 6.10: SEM images of binder-containing (a) and binderless (b) 4AK and of binder-
containing (c) and binderless (d) NaMSX beads and mean diﬀusion path lengths (root
mean square displacements) of water in these materials plotted as a function of the
observation time for various temperatures (see insets). The length scales of the SEM
images and of the diﬀusion path lengths coincide [100].
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to overcome during the process of long-range diﬀusion. The observed diﬀerences between
the binderless and binder-containing specimen could already be seen in ﬁg. 6.8 where the
slope of the PFG NMR attenuation curves was found to remain essentially independent
of the observation time in binderless specimens while there was a notable decrease with
increasing observation time in the binder-containing ones. The enhanced diﬀusion in the
binderless beads can be understood by considering that the purely microporous crystals
are connected to each other by zeolite bridges, which can be expected to contribute to
the long-range diﬀusion in a much more eﬃcient way than in the binder-containing
samples, where the bridges between the microporous crystals consists of non-zeolitic
material. With the notation
Dlong-range = Dintra, eﬀ + pinterDinter (6.6)
the origin of this type of transport enhancement is obviously correlated with an increase
in the eﬀective intracrystalline diﬀusivity Dintra,eﬀ which, for binderless beads, may thus
be expected to be larger than in the binder-containing specimens. By inspecting the
pore data represented in table 6.1, however, also the second term in eq. 6.6 (pinterDinter)
may be identiﬁed as being able to potentially contribute to the observed transport
enhancement in binderless molecular sieves. It is true that, due to the slightly larger
macroporosities of the binder-containing NaMSX type molecular sieves in comparison
with the binderless specimens (see table 6.1), the relative amount pinter of molecules in
the intercrystalline space of the binder-containing specimens is expected to exceed the
value for the binderless specimen by about 20%. With eq. 6.5 and with the data given
in table 6.1 for the pore radii, however, this diﬀerence is easily seen to be more than
compensated by the inﬂuence of the second factor, Dinter. The notably larger mean pore
radius in the binderless beads is found to give immediately rise to larger intercrystalline
diﬀusivities and, hence, to an enhancement of the long-range diﬀusivity [100].
6.5 Results and conclusion
In a ﬁrst PFG NMR diﬀusion study the mass transfer of n-hexane and water, used as
guest molecules, in zeolite powder, which has been used in the bead fabrication process,
and binderless NaX beads, have been explored. For the ﬁrst diﬀusion measurement,
in the mentioned materials, n-hexane as probe molecule have been used. The mass
transfer through the beads was, in that case, found to proceed with a propagation rate
similar to that of intracrystalline diﬀusion with displacements notably exceeding the
size of individual crystals. In a further study water, as probe molecule, has been used,
where the molecular displacements were found to still be conﬁned to regions of the size
of the crystals sizes of the starting material for the bead production. All results could
be rationalized on the basis of the results of previous studies of intracrystalline and
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long-range diﬀusion in beds of zeolite crystallites of type NaX performed with the same
guest molecules. With increasing temperature, mass transfer within the beads of NaX
will be increasingly controlled by diﬀusion through the void space, leading to overall
diﬀusivities notably exceeding the magnitude of the intracrystalline diﬀusivities.
In a second PFG NMR diﬀusion experiment the mass transfer of water, used as
guest molecule, in the NaMSX- and 4A-type zeolites have been explored, with the aim
to reveal possible diﬀerences between binder-containing and binderless molecular sieve
beads. The water diﬀusion in the binderless zeolites were, thereby, found to notably
exceed the diﬀusivities in the binder-containing beads, which gave rise to a transport
enhancement and could be quantiﬁed by an increase of the water diﬀusion up to factors
of 2 to 3. The diﬀusion path lengths received for the highest temperature, considered
in this study, did thereby exceed the size of the individual crystallites. They represent,
therefore, the long-range diﬀusivities Dlong-range, which are responsible for the rate of
uptake from (or release to) the surrounding atmosphere.
In summary, the special manufacturing process used for the fabrication of binderless
molecular sieve bodies does, obviously, not only ensure the formation of 100% active
adsorption matter with performance enhancement owing to a corresponding increase in
adsorption capacity. It does also contribute to the observed transport enhancement. A
ﬁrst microstructural origin of transport enhancement may be related to the enhanced
eﬃciency of mass transfer through the zeolite bridges connecting the individual micro-
crystalline domains (crystallites) in the binderless specimens, as a consequence of the
higher ﬂux densities brought about by their microporosity, in comparison with their
binder-containing counterparts. Second, the very type of the formation of the molecu-
lar sieves realized in their binderless fabrication, namely their mutual connection by a
zeolite phase, does, obviously, give rise to a much more open (macro)pore space, with a
correspondingly reduced transport resistance, than realized by a binder-mediated shap-
ing [99, 100].
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